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PREFACE. 
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have  made  many  of  the  observations;  Mr.  A.  Kramer,  whose  long  experience  and 
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many  pieces  of  apparatus  used;  Miss  F.  A.  Graves,  who  has  made  most  of  the 
millions  of  figures  required  in  reducing  the  observations;  Miss  F.  E.  Frisby,  who 
has  assisted  in  the  computations;  and  Messrs.  M.  Segal  and  F.  Carrington,  who 
performed  all  graphical  reductions.  Besides  these  we  owe  much  gratitude  to 
Director  G.  E.  Hale  and  the  staff  of  the  Mount  Wilson  Solar  Observatory,  Director 
W.  W.  Campbell  and  the  staff  of  the  Lick  Observatory,  Vice  Consul  R.  L.  J.  Boisson, 
of  Algiers,  and  Director  P.  de  Mestral  of  the  Fcole  Roudil,  Ben  Chicao,  Algeria,  all 
of  whom  have  heartily  supported  and  aided  the  expeditions  herein  described. 
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VOLUME  III. 


INTRODUCTION. 

PRINCIPAL  INVESTIGATIONS. 

To  an  observer  situated  outside  our  atmosphere,  as,  for  instance,  on  the  moon, 
the  sun’s  rays  would  be  unobstructed  by  clouds,  haze,  and  even  by  the  light  scat¬ 
tering  constituents  of  the  air  itself.  He  would  be  in  position  to  determine  readily 
the  answers  to  the  following  questions,  all  of  which  are  of  prime  importance  to 
climatology,  but  all  involving  great  difficulties  to  observers  at  the  earth’s  surface. 

1.  What  is  the  value  of  the  solar  constant  of  radiation;  or,  in  other  words, 
at  what  rate  does  the  earth,  as  a  planet,  receive,  at  its  mean  solar  distance,  the  radia¬ 
tion  of  the  sun? 

2.  Are  there  sensible  variations  in  this  rate,  apart  from  those  produced  by 
variations  of  the  earth’s  distance  from  the  sun? 

3.  If  so,  what  are  the  magnitudes  and  periods  of  the  fluctuations,  and  do  they 
affect  the  earth’s  climate  in  a  sensible  degree? 

These  subjects  have  engaged  the  attention  of  the  Astrophysical  Observatory 
for  about  10  years.  The  results  published  in  Volume  II  of  its  Annals  included  a 
careful  study  of  the  methods  adopted  for  the  research,  and  the  conclusions  reached 
up  to  the  year  1907.  As  the  true  standard  scale  of  radiation  had  not  then  been 
exactly  realized  experimentally,  we  could  not  state  in  Volume  II  of  the  Annals 
more  than  a  provisional  value  for  the  solar  constant  of  radiation.  But  it  was 
shown  to  be  probable  that  fluctuations,  rarely  exceeding  5  per  cent  in  magnitude, 
do  occur  in  the  solar  emission,  and  run  their  courses  usually  in  a  week  or  10  days. 
There  seemed  to  be  occasionally  solar  variations  of  longer  periods,  exceeding  a 
month  for  instance. 

In  the  further  prosecution  of  the  research,  numerous  observations  have  been 
made  at  Mount  Wilson  (1,730  meters)  and  Mount  Whitney  (4,420  meters)  in 
California,  and  near  Bassour  (at  1,160  meters)  in  Algeria,  Africa.  Several  new 
instruments  have  been  devised,  constructed,  and  applied  to  establish  experimentally 
the  standard  scale  of  radiation. 
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Having,  as  we  conceive,  obtained  the  answers  to  the  first  two  questions  which 
are  stated  above,  and  having  made  considerable  progress  toward  the  solution  of  the 
third,  it  seems  now  proper  to  publish  the  results  thus  far  obtained,  without  waiting 
to  complete  other  investigations,  now  in  progress,  which  relate  to  the  dependence 
of  the  earth’s  temperature  on  radiation. 

In  brief,  the  experiments  to  be  described  seem  to  us — 

(а)  To  have  established  the  scale  of  measurement  of  radiation  to  within  1  per 
cent. 

(б)  To  have  established  the  solar  constant  of  radiation  to  within  1  per  cent. 

(c)  To  have  shown  by  two  independent  methods  that  the  sun’s  emission  is  not 

uniform,  but  varies,  with  an  irregular  periodicity  of  from  7  to  10  days  on  the 
average,  and  with  irregular  amounts  seldom  if  ever  exceeding  10  per  cent. 

In  connection  with  the  description  of  the  experiments  on  which  these  conclu¬ 
sions  are  based  we  shall  have  occasion  to  state  other  interesting  results  of  the 
investigations. 

ANNALS. 

The  following  selections  from  the  annual  reports  of  the  Director  give  the  progress 
of  the  work  from  the  date  of  publication  of  Volume  II  of  these  Annals  up  to  the 
present  time. 

FISCAL  YEAR  JULY  1,  1907,  TO  JUNE  30,  1908. 

The  personnel  remained  practically  unchanged.  Miss  M.  L.  Scott  served  as 
additional  computer  from  July  5  to  August  10,  1907.  Mr.  J.  C.  Dwyer,  who  had 
served  faithfully  and  with  fast-growing  general  usefulness  as  messenger  for  several 
years,  died  on  January  25,  1908.  Mr.  Meyer  Segal  was  employed  as  messenger, 
beginning  February  19,  1908,  and  Mr.  L.  B.  Aldrich  as  bolometric  assistant  from 
May  11,  1908,  to  the  end  of  the  fiscal  year. 

1.  Publications. 

The  preparation  of  Volume  II  of  the  Annals  had  been  nearly  finished  before 
July  1.  But  the  completion  of  the  computations,  and  the  revising  and  rechecking 
of  results  continued  to  occupy  the  staff  until  the  latter  part  of  October.  The  revision 
of  proofs  continued  intermittently  until  March,  and  the  edition  of  1,500  copies  was 
received  in  April.  About  1,300  copies  were  at  once  distributed  to  libraries,  observ¬ 
atories,  scientific  periodicals,  and  men  of  science  throughout  the  world.  Com¬ 
mendatory  notices  by  letter  and  in  journals,  and  requests  for  copies  of  the  work  have 
been  numerous,  so  that  the  edition  is  now  (1913)  nearly  completely  distributed. 

2.  Washington  Observations. 

The  observation  of  the  relative  brightness  of  different  parts  of  the  sun’s  disc 
was  carried  forward  as  there  was  opportunity.  Improved  methods  of  observing 
and  reducing  these  observations  were  adopted. 
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Preparations  for  observing  the  absorption  of  water  vapor  in  long  columns  of 
air,  for  the  region  of  the  spectrum  where  rays  are  chiefly  emitted  by  the  earth, 
were  carried  to  such  a  state  that  preliminary  measurements  were  made.  Many 
difficulties  attend  this  research,  for  the  rays  observed  are  wholly  invisible  to  the 
eye,  and  are  very  feeble,  even  in  the  emission  of  the  hottest  bodies.  In  sun’s 
rays  they  are  almost  wholly  absent,  because  of  the  absorbing  action  of  the  water 
vapor  encountered  by  the  sun’s  rays  in  our  atmosphere.  Few  substances  are 
transparent  to  them,  and  even  rock  salt  fails  in  transparency  for  some  rays  of  very 
long  wave  length  which  are  of  considerable  importance  in  the  spectrum  of  the 
earth.  Stray  radiation  from  the  walls  of  the  room  must  be  taken  into  account, 
and  the  straying  of  rays  of  less  wave  length  from  regions  of  the  spectrum  where 
the  emission  of  hot  sources  is  plentiful  is  a  troublesome  difficulty.  The  investiga¬ 
tion  is  being  carried  on  with  a  column  of  moist  air  about  400  feet  in  length.  The 
work  is  under  Mr.  Fowle’s  direction. 

3.  Solar  Eclipse  Expedition — A  Bolometric  Study  op  the  Solar  Corona. 

The  Smithsonian  Institution  was  represented  among  observers  of  the  eclipse 
of  January  3,  1908,  by  a  small  expedition  including  Mr.  Abbot  and  Mr.  A.  F.  Moore, 
of  Los  Angeles.  The  charges  of  the  expedition  were  defrayed  by  the  Institution, 
but  it  went  forward  by  invitation  and  with  the  cooperation  of  Director  Campbell, 
of  the  Lick  Observatory,  and  shared  in  the  benefits  of  the  careful  provision  which 
he  made  for  the  general  welfare  and  success.  The  observations  were  made  at  Flint 
Island  in  the  South  Pacific  Ocean.  Mr.  Abbot’s  absence  from  Washington  extended 
from  November  5,  1907,  to  February  2,  1908. 

We  proposed  to  measure,  with  the  bolometer,  the  intensity  of  the  radiation  of 
the  solar  corona,  and  to  determine  the  quality  of  coronal  light  as  compared  with 
sunlight. 

In  the  year  1900  the  first  bolometric  observations  of  the  corona  were  made 
by  Smithsonian  observers.  From  these  observations  it  was  inferred  that,  as 
regards  quality,  the  radiation  of  the  inner  corona  was  far  richer  than  that  reflected 
from  the  moon  in  visible  light.  In  view  of  this  consideration  and  others,  the 
inferences  drawn  from  the  bolometric  study  of  the  corona  made  in  1900  were 
unfavorable  to  the  view  that  the  radiation  of  the  inner  corona  is  produced  mainly 
by  the  incandescence  of  matter  heated  to  high  temperatures  by  reason  of  its 
proximity  to  the  sun.  The  bolometric  observations  at  Flint  Island  were  designed 
to  test  the  inferences  above  referred  to  and  to  measure  more  definitely  the  quantity 
and  quality  of  the  coronal  radiation. 

Apparatus. — A  concave  mirror  of  50  cm.  diameter  and  only  100  cm.  focus, 
mounted  equatorially  and  driven  by  a  clock,  served  to  produce  a  very  intense 
image  of  the  corona.  A  small  guiding  telescope  was  attached  to  the  mirror 


4 


ANNALS  OF  THE  ASTEOPHYSICAL  OBSEEVATOEY. 


frame  so  that  the  observer  might  point  toward  any  desired  object.  In  the 
focus  of  the  mirror  was  placed  the  bolometer.  A  glass  plate  3  mm.  thick  was 
fixed  close  to  the  bolometer,  between  it  and  the  mirror,  so  that  the  radiation 
examined  was  thereby  limited  to  wave  lengths  less  than  about  3  fi.  About  10  cm. 
in  front  of  the  bolometer  was  a  blackened  metal  shutter,  which  cut  off  the  beam 
except  when  designedly  opened.  The  opening  of  this  shutter,  therefore,  exposed 
the  central  part  of  the  bolometer  to  such  rays  as  are  transmissible  by  glass.  Between 
the  shutter  and  the  glass  plate,  and  close  to  the  latter,  was  a  special  screen  composed 
of  a  thin  stratum  of  asphaltum  varnish  laid  on  one  side  of  a  plane  parallel  glass  plate 
3  mm.  thick.  This  screen  was  held  out  of  the  beam  by  a  spring,  except  when 
designedly  interposed.  Its  property,  when  used,  was  to  cut  off  nearly  all  the 
visible  part  of  the  radiation,  while  transmitting  nearly  all  of  the  infra-red  rays 
transmissible  by  glass.  By  interposing  this  absorbing  screen  the  proportion  of  the 
observed  radiation  which  lay  in  the  infra-red  spectrum  could  be  roughly  determined. 

The  equatorial  was  set  up  at  Flint  Island  on  the  beach  at  about  12  meters 
distance  from  the  galvanometer  used  for  observing  the  indications  of  the  bolometer. 
Two  galvanometers  were  provided,  exactly  alike  in  resistance  and  general  con¬ 
struction,  and  arranged  so  that  if  at  the  last  moment  any  accident  should  happen 
to  one  the  observer  might  pass  at  once  to  the  other.1  A  thatched  hut,  shaded  by 
palm  trees,  sheltered  the  galvanometers  and  their  appliances,  and  was  found  to 
give  most  satisfactory  protection  both  from  heat  and  rain.  During  the  eclipse  a 
rise  of  temperature  of  one  bolometer  strip  of  about  0°.000,01  C.  would  have  pro¬ 
duced  1  mm.  deflection  of  the  galvanometer.  It  is  possible  to  detect  temperature 
changes  of  0°. 000, 000, 01  C.  with  the  bolometer,  under  special  conditions,  but  the 
sensitiveness  employed  was  regarded  as  good  for  a  temporary  installation. 

The  approach  of  totality  was  uncommonly  exciting  on  this  occasion.  Early 
in  the  morning  the  sky  was  overcast  with  thin  high  clouds,  but  these  gradually 
grew  thinner,  so  that  after  9  a.  m.  the  prospects  indicated  a  streaky  sky,  containing 
something  almost  too  thick  for  haze,  but  almost  too  thin  for  cirrus  clouds.  These 
prospects  were  fulfilled  exactly  during  totality,  but  in  the  quarter  of  an  hour  next 
preceding  a  thick  cloud  came  up,  rain  fell  fast  from  llh  8m  to  llh  14 m,  and  the 
sky  became  clear  of  the  low  cloud  only  15  seconds  before  totality  at  the  Smithsonian 
station.  The  rapid  change  from  fair  prospects  to  completely  discouraging  ones,  and 
the  return  to  good  conditions  just  at  the  critical  time,  will  long  be  remembered. 
Our  entire  immunity  from  rain  during  totality  was  due  to  the  fact  that  our  station 
was  about  1,000  feet  north  of  the  one  occupied  by  the  Lick  Observatory. 

The  intensity  and  quality  of  sunlight  was  determined  within  25  minutes  of 
totality,  both  before  and  after,  and  during  totality  measurements  were  made  at 


1  This  prudent  measure  was  suggested  by  Mrs.  Abbot. 
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five  different  regions  of  the  corona  and  on  the  dark  moon.  A  general  summary  of 
the  results  of  these  and  other  observations  follows: 

Intensity  of  rays  ( observed  through  glass). 

Intensity  for  unit 


Source.  angular  area. 

Sun  near  zenith,  Flint  Island . . . . .  10, 000, 000 

Sky  20°  from  sun,  Flint  Island .  140 

Sky  far  from  sun,  Flint  Island . . . . .  31 

Sky  average,  Flint  Island. . . . . .  62 

Sky  average,  Mount  Wilson,  California . . . . .  15 

Moon  at  night,  Flint  Island . . . . . . . .  12  (?) 

Moon  during  eclipse,  Flint  Island .  0 

Corona  ^  radius  from  sun . . . .  13 

Corona  \  radius  from  sun . . . . . . .  4 

Corona  f  radius  from  sun. . . .  0 


Proportion  of  rays  which  asplialtum  transmits. 


Source. 

Determination. 

Mean 

I. 

II. 

(weighted). 

Sun  yq  radius  from  limb . 

0.  333 

0.  331 

0.  332 

Corona  radius  from  limb. . . . . 

.  343 

.  384 

.  364 

Corona  J  radius  from  limb. . 

.387 

1 .323 

.362 

Moon  at  night. . . . 

.5 

Sky,  zenith  day . 

.23 

1  This  observation  is  entitled  to  only  half  the  weight  of  the  others. 


When  we  recall  the  extreme  brightness  of  the  sky  within  a  single  degree  of  the 
sun,  as  compared  with  that  20°  away,  and  consider  also  the  figures  just  given,  it 
seems  very  unlikely  that  the  corona  will  ever  be  observed  without  an  eclipse. 

The  nature  of  the  radiation  of  the  inner  corona  has  been  supposed  by  some  to 
be  principally  reflected  solar  radiation,  by  others  to  be  principally  due  to  the  incan¬ 
descence  of  particles  heated  by  reason  of  their  proximity  to  the  sun,  by  others  to  be 
principally  luminescence  perhaps  similar  to  the  aurora,  and  by  some  as  a  combina¬ 
tion  of  all  of  these  kinds  of  radiation. 

The  spectrum  of  the  corona  is  mainly  continuous,  but  has  some  inconspicuous 
bright  lines,  and  in  its  outer  part  has  dark  solar  lines.  Undoubtedly  there  is  sun¬ 
light  reflected  by  the  matter  of  the  corona,  and  no  less  surely  the  corona  must  be 
hot.  As  for  the  idea  of  luminescence  by  electrical  discharge,  though  the  streamers 
of  the  corona  are  a  reminder  of  the  aurora,  one  hesitates  to  recommend  an  explana¬ 
tion  involving  a  thing  so  little  understood,  so  that  we  will  here  speak  only  of  the 
incandescence  and  reflection  of  the  corona  as  sources  of  its  brightness.  The  bolo- 
metric  results  indicate  that  the  coronal  radiation  differs  but  little  in  quality  from 
that  of  the  sun,  and  is,  in  fact,  far  richer  than  the  reflected  rays  of  the  moon  in¬ 
visible  light,  although  less  rich  than  skylight. 

86053°— 13 - 2 
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These  results  indicate  that  if  produced  by  virtue  of  high  temperature,  the  coronal 
radiation  must  have  come  from  a  source  almost  as  hot  as  the  sun,  which  is  above 
6,000°  absolute.  Such  temperatures  as  this  are  too  high  for  the  existence  of 
any  known  solids  or  liquids,  unless  under  high  pressures  not  found  in  the  corona, 
so  that  if  the  light  is  due  to  the  high  temperature  of  the  corona  itself,  the  corona 
must  apparently  be  gaseous.  But  if  it  is  gaseous,  its  spectrum  should  consist  chiefly 
of  bright  lines,  and  this  is  not  the  fact.  Hence  it  would  seem  that  the  coronal  radia¬ 
tion,  if  it  is  produced  by  temperature,  has  its  source  in  the  sun  itself,  and  is  merely 
reflected  by  the  matter  of  the  corona,  like  the  light  of  our  atmosphere.  But  if  the 
coronal  rays  are  reflected,  they  would  be  bluer  than  sunlight,  if  the  material  there 
is  gaseous,  and  as  they  are  not,  the  coronal  material  may  be  supposed  to  be  com¬ 
posed  of  solid  or  liquid  particles  to  a  considerable  extent. 

4.  Mount  Wilson  Observations. 

Great  advantage  having  been  found  in  1905  and  1906  in  making  '‘solar-con¬ 
stant”  investigations  on  Mount  Wilson  as  well  as  in  Washington,  and  strong  evi¬ 
dence  having  been  secured  there  of  the  considerable  variability  of  the  sun,  it  was 
concluded  to  continue  in  1908  the  expedition  to  Mount  Wilson  in  order  to  secure 
as  many  observations  of  the  "solar  constant”  as  possible,  for  the  study  of  solar 
changes.  As  in  former  years,  other  kinds  of  measurements  were  contemplated, 
notably  on  the  brightness  of  the  sky  and  on  the  reflection  of  the  clouds.  The  expe¬ 
dition  in  charge  of  Mr.  Abbot,  and  including  also  Mr.  L.  B.  Aldrich,  of  Madison, 
Wisconsin,  reached  Mount  Wilson  on  May  11,  1908.  "Solar-constant”  observa¬ 
tions  were  begun  on  May  19,  1908,  and  were  made  thereafter  daily  when  the  sky 
permitted.  Unfortunately  the  sky  was  less  clear  on  Mount  Wilson  than  in  other 
years,  but  nevertheless  a  great  number  of  observations  were  made. 

The  apparatus  employed  for  observing  the  eclipse  on  Flint  Island  was  erected 
on  Mount  Wilson  on  the  wooden  tower  built  for  the  Smithsonian  expedition  in  1906, 
and  with  this  apparatus  some  observations  of  the  brightness  of  the  sky  were  made. 

A  new  and  greatly  improved  copy  (No.  2)  of  the  standard  water-flow  pyrheli- 
ometer  was  constructed  in  Washington  by  the  Observatory  instrument  maker,  Mr. 
A.  Kramer. 

FISCAL  YEAR  1908-9. 

During  the  autumn  of  1908  the  temporary  wooden  shelters  used  for  observing 
on  Mount  Wilson,  California,  in  1905,  1906,  and  1908  were  torn  down  and  replaced 
by  a  structure  of  cement  blocks.  This  was  erected  at  a  cost  of  $2,200  on  a  plot 
of  ground  100  feet  square  in  horizontal  projection,  leased  for  a  term  of  95  years  by 
the  Smithsonian  Institution  from  the  Mount  Wilson  Solar  Observatory.  The  new 
observing  shelter  shown  in  PI.  2  is  L  shaped  in  plan,  36  feet  long,  27  feet  wide, 
and  with  the  two  branches  of  the  L  14  and  10  feet  wide,  respectively.  Four  tall 
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piers  are  provided  for  the  future  erection  of  a  tower  over  the  south  end  of  the  struc¬ 
ture.  The  proposed  tower  is  intended  for  use  as  a  vertical  telescope  in  solar  obser¬ 
vations,  and  also  as  a  suitable  station  for  making  measurements  of  the  brightness 
of  the  sky  and  clouds.  Within  the  new  building  is  a  chamber  of  constant  tempera¬ 
ture  in  which  is  the  spectrobolometric  outfit,  and  also  a  dark  room  for  photo¬ 
graphic  work  and  a  small  office  room.  The  site  leased  is  on  the  edge  of  a  precipi¬ 
tous  ridge  overlooking  canyons  about  1,000  feet  deep  on  the  east,  south,  and  west. 
It  is  thoroughly  isolated  from  disturbances  caused  by  electric  service,  gas  engines, 
or  traffic,  and  seems  to  be  peculiarly  well  adapted  for  the  work  in  hand. 

The  personnel  of  the  observatory  continued  principally  unchanged.  Mr. 
L.  B.  Aldrich  completed  his  temporary  service  as  bolometric  assistant  on  Sep¬ 
tember  20,  1908.  Dr.  L.  R.  Ingersoll  was  engaged  temporarily  as  bolometric 
assistant  on  Mount  Wilson  beginning  June  21,  1909. 

1.  Work  at  Washington. 

Mr.  Fowle  continued  bolometric  observations  of  the  brightness  of  different 
parts  of  the  sun’s  image  whenever  conditions  favored.  No  measurements  of  the 
solar  constant  of  radiation  were  attempted  at  Washington,  as  that  branch  of  the 
work  can  seldom  be  done  there  successfully,  on  account  of  smoke  and  clouds. 

A  most  interesting  piece  of  experimental  work  on  the  transparency  of  air  for 
the  long- wave  rays,  such  as  the  earth  radiates,  had  been  begun  by  Mr.  Fowle  early 
in  1908.  Results  were  obtained  by  him  in  1909  for  the  transmission  of  all  rays 
between  wave-lengths  1  (i  and  10  fi,  through  a  column  of  air  400  feet  long,  contain¬ 
ing  various  known  amounts  of  water  vapor.  Computation  of  the  results  from  these 
experiments  is  so  far  advanced  as  to  show  their  satisfactory  quality.  Many  addi¬ 
tional  experiments  with  still  longer  columns  of  air  and  other  amounts  of  water 
vapor,  and  extending  as  far  down  in  the  spectrum  as  wave  length  17  fi,  are  in 
preparation. 

The  late  Secretary  Langley  stated,1  as  a  result  of  his  Mount  Whitney  obser¬ 
vations:  “  I  consider  that  the  temperature  of  the  earth  under  direct  sunshine, 
even  though  our  atmosphere  were  present  as  now,  would  probably  fall  to  —  200°  C. 
if  that  atmosphere  did  not  possess  the  quality  of  selective  absorption.”  A  little 
later  his  experimental  results  on  the  temperature  of  the  moon  led  him  to  change 
this  view,  for  he  said:2  “As  between  my  observations  and  my  inferences,  I  hold 
to  the  former;  and  since  later  and  long-continued  observations  *  *  *  show 
that  the  temperature  of  the  sunward  surface  of  the  moon  (which  is  certainly  nearly 
airless)  is  almost  certainly  not  greatly  below  zero  (centigrade),  I  have  been  led  to 
believe  myself  mistaken  in  one  of  my  inferences  drawn  from  former  experiments.” 
Precise  knowledge  of  the  selective  absorption  of  our  atmosphere  for  earth  rays  is 


1  Report  of  the  Mount  Whitney  Expedition,  p.  123. 


2  The  Temperature  of  the  Moon,  p.  193. 
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still  lacking,  although  two  decades  have  elapsed  since  this  was  written,  and  con¬ 
tradictory  views  are  still  being  expressed  about  this  very  important  subject  by  able 
writers.  It  is  hoped  that  Mr.  Fowle’s  experiments  will  add  much  definite  infor¬ 
mation,  useful  in  the  study  of  the  dependence  of  the  earth’s  temperature  on  radia¬ 
tion. 

Computations  of  the  results  of  Washington  and  Mount  Wilson  observations 
went  on  steadily  in  the  hands  of  Mr.  Fowle  and  Miss  Graves.  It  was  considered 
desirable  to  make  daily  observations  of  the  “solar  constant  of  radiation”  during 
the  observing  season  at  Mount  Wilson,  and  the  reduction  of  each  day’s  observa¬ 
tions  required  several  days  of  measurements  and  computations  at  Washington. 

2.  Work  at  Mount  Wilson. 

Spectrobolometric  measurements  of  the  “solar  constant  of  radiation”  were 
continued  by  Mr.  Abbot  (with  the  assistance,  till  September  20,  of  Mr.  Aldrich) 
on  every  favorable  day  until  about  November  20,  1908.  The  expedition  was 
renewed  late  in  the  following  spring  by  Mr.  Abbot,  and  observations  begun  on 
June  1,  1909.  As  in  former  years,  evidences  of  a  fluctuation  of  solar  radiation 
were  found  in  the  results  of  the  measurements  of  1908.  Various  improvements 
in  the  modes  of  observing  have  been  made,  especially  in  the  bolometric  measure¬ 
ments  of  the  ultra-violet  region  of  the  spectrum,  and  also  in  pyrheliometry.  A 
new  and  improved  standard  pyrheliometer  was  tried  repeatedly  on  Mount  Wilson. 
In  action  it  is  more  satisfactory  than  the  one  used  in  1906,  and  great  confidence 
is  felt  in  the  results  obtained  with  it.  Great  efforts  were  made  in  this  year  to  carry 
the  bolometric  measurements  much  further  in  the  ultra-violet.  For  this  purpose 
a  large  quartz  prism,  a  large  ultra-violet  glass  prism,  and  two  magnalium  mirrors 
were  procured  and  used  on  Mount  Wilson,  and  daily  observations  are  now  carried 
as  far  as  wave  length  0.335  {i . 

3.  Mount  Whitney  Expeditions. 

This  mountain  (altitude  4,420  meters  or  14,502  feet),  which  was  the  objec¬ 
tive  point  of  the  famous  expedition  of  Mr.  Langley  in  1881,  was  recommended 
by  him  to  be  reserved  by  the  Government  and  used  as  the  site  for  an  observatory. 
The  reservation  was  in  fact  made,  but  no  observatory  has  been  established  there. 
Owing  to  the  impossibility  (at  that  time)  of  getting  to  the  summit  with  animals, 
Dr.  Langley  made  his  spectrobolometric  observations  at  a  station  on  the  west 
side,  which  he  called  Mountain  Camp,  at  an  elevation  of  3,542  meters  (11,625  feet). 
In  1904  the  citizens  of  Lone  Pine  and  vicinity,  through  the  indomitable  energy 
of  Mr.  G.  F.  Marsh,  succeeded  in  making  a  trail  for  animals  (rough  and  dangerous, 
to  be  sure),  from  Lone  Pine  Canyon  clear  to  the  summit  of  Mount  Whitney.  This 
trail  crosses  the  range  at  an  altitude  of  about  13,500  feet  and  approaches  Mount 
Whitney  along  the  western  side  of  the  ridge  by  a  very  dangerous  course  for  animals. 
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whore  often  a  misstep  would  be  fatal.  But,  strangely  enough,  no  animals  have 
been  killed  on  this  part  of  the  trail,  though  several  have  been  lost  on  the  appar¬ 
ently  much  less  dangerous  eastern  slope  near  the  crossing  of  a  bit  of  ice  there. 

In  August,  1908,  by  invitation  of  Director  Campbell  of  Lick  Observatory, 
Director  Abbot  joined  his  party,  comprising  Messrs.  G.  F.  Marsh,  William  Skinner, 
and  E.  Overhauser,  of  Lone  Pine,  and  spent  one  night  in  blankets  without  shelter 
on  the  summit  of  Mount  Whitney.  The  trail  was  found  impassable  for  animals 
above  12,500  feet.  The  party  were  all  much  fatigued  and  several  members  sick 
when  they  reached  the  top,  burdened  with  firewood,  blankets,  food,  and  instru¬ 
ments.  Director  Abbot  observed  with  pyrheliometer  and  sling  psychrometer  in 
the  afternoon  of  August  24  and  forenoon  of  August  25.  The  night  of  August  24 
was  spent  so  very  uncomfortably  by  all  that  it  was  concluded  that  no  observing 
campaigns  could  be  carried  out  there  satisfactorily  without  a  good  shelter. 

Both  Mr.  Abbot  and  Mr.  Campbell  were  favorably  impressed  with  the  advan¬ 
tages  of  the  place  for  observing,  and  with  the  relative  convenience  of  ascending 
the  mountain,  considering  its  great  altitude.  Fine  building  stone,  sand,  and  water 
were  found  at  the  summit,  Messsrs.  Campbell  and  Abbot,  therefore,  recom¬ 
mended  to  the  Secretary  of  the  Smithsonian  Institution  that  a  grant  from  the 
Hodgkins  fund  should  be  made  for  the  purpose  of  erecting  on  the  summit  of  Mount 
Whitney  a  stone  and  steel  house  to  shelter  observers  who  might  apply  to  the  Insti- 
tion  for  the  use  of  the  house  to  promote  investigations  in  any  branch  of  science. 
This  recommendation  was  approved,  and  in  August,  1909,  a  stone  and  steel  build¬ 
ing  of  three  rooms  was  erected  on  the  very  top  of  Mount  Whitney.  The  building 
(Pis.  4  and  5)  was  planned  by  Messrs.  Speiden  &  Speiden,  of  Washington,  from 
suggestions  of  Messrs.  Campbell  and  Abbot,  and  was  erected  under  the  supervision 
and  through  the  extraordinary  efforts  of  Mr.  G.  F.  Marsh  of  Lone  Pine.  A  small 
stone  shelter  for  the  galvanometer  and  plate  carrier  was  also  built  near  by  for  the 
use  of  Director  Abbot  in  a  proposed  expedition. 

It  has  been  held  by  some  astronomers  that  measurements  of  the  “  solar 
constant  of  radiation”  by  high  and  low  sun  observations  from  a  single  station 
at  a  low  altitude,  or  even  at  the  altitude  of  Mount  Wilson,  are  subject  to  a  great 
error  by  reason  of  the  impossibility  of  correctly  allowing  for  loss  in  our  atmosphere. 
In  order  to  ascertain  if  this  objection  is  well  founded,  an  expedition  to  Mount  Whit¬ 
ney  by  Mr.  Abbot  was  planned  for  August,  1909. 

FISCAL  YEAR  1909-10. 

At  Mount  Wilson,  California,  upon  the  Smithsonian  leased  plot  of  ground  100 
feet  square  in  horizontal  projection,  a  little  frame  cottage,  21  by  25  feet,  was  built 
and  furnished  in  September,  1909,  for  observer’s  quarters. 

The  year’s  results  are  of  uncommon  interest,  for  they  appear  to  fix  within 
narrow  limits  the  value  of  the  solar  constant  of  radiation.  When  in  1902  the  first 
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attempts  were  made  here  to  measure  it,  that  first-rank  constant  of  nature,  the 
intensity  of  the  solar  radiation  at  the  earth’s  mean  distance  from  the  sun,  was 
unknown  within  the  wide  range  between  1.75  and  4  calories  per  square  centimeter 
per  minute.  This  range  of  values  is  given,  with  a  preference  for  Langley’s  value 
(3  calories),  by  Hann  in  his  standard  work  on  meteorology,  published  in  1901.1 

It  is  improbable  that  this  observatory  would  have  continued  since  1902  in 
solar-constant  work  had  it  not  been  that  the  results  of  1903  gave  strong  indica¬ 
tions  of  considerable  variability  of  the  sun  in  short  intervals,  and  that  later  work 
also  strongly  supported  this  presumption.  The  late  director,  Secretary  Langley, 
shared  with  many  others  of  the  most  competent  judges  on  the  subject  the  impression 
that  to  determine  the  solar  constant  of  radiation  with  any  considerable  degree  of 
accuracy  or  certainty  was,  if  not  impossible,  yet  a  thing  which  would  probably  be 
long  deferred  and  would  involve  spectro-bolometric  measurements  at  the  highest 
possible  altitudes  at  which  men  may  exist.  He  did  not  at  all  believe  that  our 
results  of  1903  approximated  to  the  true  value  of  the  solar  constant,  but  only  that 
they  might  be  so  far  independent  of  ordinary  atmospheric  changes  as  to  be  used 
in  determining  the  probabilty  of  solar  variability.  Hence,  in  1905,  he  instructed 
Mr.  Abbot  to  bear  in  mind,  in  going  to  Mount  Wilson  for  the  first  time,  that  it  was 
not  the  solar  constant  but  the  possibility  of  solar  variability  which  was  the  result 
to  be  determined  by  the  expedition.  This  inquiry  has,  indeed,  been  the  primary 
one  in  all  the  subsequent  work,  but  not  to  the  exclusion  of  attempts  to  fix  the  value 
of  the  solar  constant  itself. 

There  were  at  that  time  two  principal  and  seemingly  formidable  difficulties 
hindering  the  determination  of  the  solar  constant  of  radiation.  First,  there  was 
no  instrument  capable  of  absorbing  fully  and  adapted  for  measuring  completely 
the  energy  received  at  the  earth’s  surface,  excepting,  perhaps,  the  little-known 
and  rarely  used  instrument  invented  by  W.  A.  Michelson,  of  Russia,  about  1894. 
Second,  there  was  grave  doubt  if  a  true  estimate  of  the  loss  of  radiation  in  traversing 
the  air  could  be  made.  Langley  has  somewhere  described  the  first  obstacle  as 
“ formidable, ”  the  second  as  “ perhaps  insurmountable.” 

1.  Pyrheliometry. 

As  stated  in  previous  reports,  much  attention  was  given  from  1903  onward  to 
devising  a  standard  pyrheliometer,  and  thus  establishing  the  absolute  scale  of 
radiation  measurements.  A  considerable  degree  of  success  seemed  to  be  attained 
in  1906,  but  the  results  obtained  in  that  year  were  found,  by  comparison  with 
instruments  of  the  United  States  Weather  Bureau,  to  differ  so  much  from  the  gen¬ 
erally  adopted  scale  of  Angstrom  that  further  work,  involving  finally  the  construc¬ 
tion  of  two  additional  water-flow  pyrheliometers,  was  done.  The  last  of  these 


1  The  same  preference  is  expressed  in  the  second  edition  of  1906. 
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instruments,  and  by  far  the  most  perfect  of  them  all,  was  completed  and  tried  at 
Mount  Wilson  in  October,  1909.  A  fairly  close  agreement  seemed  to  hold  between 
it  and  its  immediate  predecessor,  but  when  the  electrical  constants  of  both  instru¬ 
ments  were  determined  with  extreme  care  in  February,  1910,  at  Washington,  by 
Mr.  Aldrich,  the  gap  widened.  A  source  of  error,  till  then  little  regarded,  was 
reconsidered,  and  painstaking  comparisons  of  pyrheliometers  were  carried  through 
at  Washington  by  Messrs.  Aldrich,  Abbot,  and  Fowle.  These  were  finished  in 
June,  1910,  and  the  two  standard  pyrheliometers  were  found  to  agree  together 
well  within  the  probable  error  of  the  highly  accurate  experiments.  Not  only  so, 
but  each  instrument  was  found  to  take  up  and  measure  between  99  and  100  per 
cent  of  such  various  quantities  of  electrically  introduced  heat  as  were  used  as  tests. 
Finally  these  definite  measurements  indicated  that  while  the  results  published  at 
page  46  in  Volume  II  of  the  Annals,  made  with  standard  pyrheliometer  No.  1,  are 
4  or  5  per  cent  above  the  true  scale,  yet  when  all  the  experiments  made  with  that 
instrument,  at  Washington  as  well  as  Mount  Wilson,  are  collected,  their  mean 
result  is  almost  in  exact  agreement  with  the  results  obtained  in  1910  with  standard 
pyrheliometers  Nos.  2  and  3. 

Three  secondary  silver-disk  pyrheliometers,  the  cost  of  whose  construction 
after  Mr.  Abbot’s  designs  was  defrayed  from  the  Hodgkins  fund,  were  standardized 
and  sent  to  Russia,  France,  and  Italy.  Two  others  were  sold  by  the  Institution 
to  the  United  States  Agricultural  Department.  Thus  steps  were  taken  to  diffuse 
the  standard  scale  of  pyrheliometry. 

2.  Mount  Whitney  Expedition. 

The  second  obstacle  mentioned  above  seems  now  less  serious  than  the  first.  It 
was  found  in  1905  and  1906  that  practically  identical  values  of  the  solar  constant 
resulted  from  good  series  of  spectrobolometric  observations  of  the  same  day  taken 
at  Washington  (sea  level)  and  Mount  Wilson  (5,700  feet  elevation).  Rut  in  August, 
1909,  Mr.  Abbot  ascended  Mount  Whitney  (14,500  feet)  with  a  complete  spectro¬ 
bolometric  outfit,  and,  notwithstanding  many  days  of  unpromising  weather,  suc¬ 
ceeded  on  September  3,  under  the  most  perfect  sky  and  in  exceptionally  dry  air,  in 
making  a  complete  and  satisfactory  series  of  solar-constant  measurements.1  A 
prism  of  quartz  and  two  mirrors  of  magnalium  were  the  only  optical  parts  to  affect 
the  rays,  so  that  it  was  possible  to  observe  from  wave  length  0.29  [i  to  wave  length 
3.0  fi.  This  extended  region  includes  not  only  all  the  visible  but  the  ultra-violet 

1  Director  Abbot  reached  Mount  Whitney  a  week  before  the  completion  of  the  house  and  set  up  his  apparatus 
while  still  living  in  a  tent.  Owing  to  exposure,  hard  work,  and  rough  food  he  was  reduced  to  the  bed  when  the  Lick 
Observatory  expedition  for  the  photography  of  the  spectra  of  Mars  and  the  moon  arrived  in  the  midst  of  snow,  rain, 
and  lightning,  a  week  later.  Fortunately  Director  Campbell  was  accompanied  by  his  family  physician,  who  applied 
the  right  remedies  and  brought  Director  Abbot  on  his  feet  again  in  time  to  take  advantage  of  a  beautiful  forenoon  (Sept. 
3,  1909)  in  which  a  successful  solar-constant  determination  was  made.  No  more  favorable  days  occurring  within  a 
week  following,  he  reluctantly  abandoned  the  expedition  and  returned  to  Mount  Wilson,  leaving  most  of  his  apparatus 
on  Mount  Whitney. 
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and  infra-red  spectra,  “with  sufficient  completeness  to  include  in  the  discussion 
apparently  within  1  per  cent  of  all  the  rays  which  the  sun  sends  the  earth  and  to 
make  the  allowance  for  rays  not  observed  practically  sure.  During  the  same  day 
Mr.  Ingersoll  observed  with  the  usual  complete  spectrobolometric  outfit  on  Mount 
Wilson,  and  his  results  were  in  accord  with  what  would  be  expected  from  his  preced¬ 
ing  and  following  day’s  work  there  and  agreed  within  1  per  cent  with  those  obtained 
simultaneously  on  Mount  Whitney. 

In  view  of  the  agreement  of  results  on  the  solar  constant  of  radiation  obtained 
at  sea  level,  1  mile,  and  2|  miles  elevation,  it  now  seems  highly  probable  that  we 
can  really  by  Langley’s  method  of  homogeneous  rays  allow  for  losses  in  the  air  and 
get  the  same  values  that  we  would  observe  directly  if  we  could  take  our  instruments 
above  the  air  altogether. 

The  reduction  of  spectrobolographic  work  to  the  absolute  scale  of  pyrheli- 
ometry  enabled  us  to  give  as  the  average  value  of  the  solar  constant  of  radiation 
for  the  epoch  1905  to  1909,  1.924  calories  per  square  centimeter  per  minute.1 

3.  Sun’s  Temperature. 

Experiments  made  in  1909  at  Mount  Wilson  with  various  optical  systems 
agree  within  their  probable  error  with  one  another,  and  with  the  results  obtained 
on  Mount  Whitney  in  fixing  the  distribution  of  energy  in  the  spectrum  of  the  sun 
outside  the  atmosphere.  In  the  Mount  Whitney  work  the  curve  of  energy  distri¬ 
bution  was  followed  to  a  wave  length  estimated  (not  very  accurately)  as  0.29  ft 
and  it  there  practically  reached  zero  intensity,  although  the  quartz  and  magnalium 
apparatus  would  have  been  capable  of  transmitting  the  rays,  had  they  existed,  of 
much  shorter  wave  lengths.  In  the  spectrum  of  the  “  perfect  radiator,”  correspond¬ 
ing  to  the  apparent  temperature  of  the  sun,  the  intensity  of  the  ultra-violet  rays 
would  be  of  some  importance  for  a  considerably  farther  stretch  of  wave  lengths 
beyond  this.  It  therefore  appears  that  either  the  earth’s  atmosphere,  even  above 
Mount  Whitney,  or  else  the  sun’s  envelope,  effectually  hinders  the  solar  rays.  If 
it  is  the  former,  then  it  may  be  that  the  above-mentioned  value  of  the  solar  con¬ 
stant  should  still  be  raised  a  few  per  cent.  But  the  known  powerful  selective  ab¬ 
sorption  of  vapors  in  the  sun’s  envelope  seems  quite  reasonably  competent  alone 
to  produce  the  observed  weakness  of  the  solar  spectrum  in  the  ultra-violet.  This 
view  is  confirmed  by  experiments  of  Miethe  and  Lehmann,  who  found  no  extension 
of  the  solar  spectrum  with  increasing  elevation,  although  they  shifted  their  observ¬ 
ing  station  from  Berlin  (50  meters)  to  Monte  Rosa  (3,500  meters),  thus  greatly 
diminishing  the  layer  of  air  traversed.  Their  shortest  wave  length  was  0.2911  fi, 
closely  agreeing  with  ours. 

From  our  experiments  of  1909  the  apparent  average  solar  temperature  is  6,430°, 
5,840°,  or  6,200°  absolute  (C.),  according  as  we  follow  Wien’s  displacement  law, 


1  A  slight  correction  of  this  value  has  since  been  made. 
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Stefan’s  law,  or  Planck’s  law  as  the  method  of  computation.  But  the  temperature 
of  the  sun,  apart  from  the  uncertainty  of  terms  when  dealing  with  such  high  values, 
is  probably  a  quantity  which  has  very  various  values,  from  the  center  to  the  limb 
of  the  sun’s  disk,  depending  on  the  depth  within  the  sun  at  which  the  radiation 
originates. 

At  Washington  Messrs.  Fowle  and  Aldrich  continued  experiments  on  the 
transmission  of  moist  columns  of  air  for  long-wave  radiation,  though  with  many 
interruptions  due  to  the  difficulty  of  the  research.  The  work  was  carried  to  wave 
lengths  beyond  15  [i  in  the  infra-red,  and  for  columns  of  air  800  feet  long.  It  is 
not  yet  possible  to  summarize  the  results. 

Messrs.  Fowle  and  Aldrich  and  Miss  Graves  have  made  rapid  progress  with 
the  reduction  of  solar-constant  work  of  1909. 

Experiments  have  been  begun  for  the  purpose  of  devising  economical  means 
of  utilizing  solar  energy  for  domestic  purposes. 

Dr.  L.  R.  Ingersoll  served  as  temporary  bolometric  assistant  on  Mount  Wilson 
to  September  6,  1909. 

Mr.  L.  B.  Aldrich  was  given  a  temporary  appointment  as  bolometric  assistant 
at  Washington  beginning  September  1,  1909.  He  passed  a  competitive  exami¬ 
nation  and  was  reappointed  provisionally  on  January  10,  1910.  His  appointment 
was  made  permanent,  to  begin  July  1,  1910. 

FISCAL  YEAR  1910-11. 

1.  Mount  Whitney  Expedition. 

In  order  to  thoroughly  confirm  the  results  obtained  on  the  summit  of  Mount 
Whitney  (4,420  meters  or  14,502  feet)  in  1909,  an  expedition  again  occupied  that 
place  in  August,  1910.  The  personnel  consisted  of  the  Director  and  Mr.  G.  F. 
Marsh,  of  Lone  Pine,  California.  Nearly  all  of  the  equipment  for  spectrobolo- 
metric  work  had  been  left  on  Mount  Whitney  through  the  winter  and  was  found 
in  good  condition.  Additional  apparatus  for  measuring  the  brightness  of  the 
sky  by  day  and  by  night  was  carried  up  by  pack  train  under  the  care  of  Mr.  Elder, 
of  Lone  Pine.  The  good  fortune  which  had  attended  the  1909  expedition  failed 
for  a  moment  in  1910,  and  one  mule,  carrying  the  silver-disk  pyrheliometer  and 
other  loading,  rolled  off  among  the  rocks  and  was  killed.  The  pyrheliometer 
fortunately  received  no  injury. 

Solar-constant  measurements  were  made  successfully  on  Mount  Whitney 
in  1910  on  three  successive  days.  Mr.  Fowle  made  solar-constant  observations 
simultaneously  on  Mount  Wilson. 

Taking  the  mean  of  the  differences  between  the  results  obtained  simulta¬ 
neously  at  the  two  stations,  it  appeared  that  the  results  obtained  on  Mount  Whit¬ 
ney  average  1.4  per  cent  higher  than  those  obtained  on  Mount  Wilson.  But 
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considering  that  the  optical  apparatus  used  on  Mount  Wilson  comprised  a  silvered 
glass  mirror  coelostat,  an  ultra-violet  crown  glass  prism,  and  two  silvered  glass 
mirrors,  while  that  on  Mount  Whitney  comprised  only  a  quartz  prism  and  two 
magnalium  mirrors,  and,  furthermore,  that  the  pyrheliometers  employed  at 
the  two  stations  were  read  at  very  different  temperatures,  it  seemed  probable 
that  the  slight  difference  found  between  the  results  may  be  due  wholly  to  experi¬ 
mental  differences  and  implies  no  discrepancy  due  to  the  difference  of  altitude 
between  the  two  stations.1 

This  conclusion  seems  worth  emphasizing.  We  have  made  simultaneously 
solar-constant  determinations  at  sea  level  (Washington),  at  over  a  mile  altitude 
(Mount  Wilson),  and  again  at  Mount  Wilson,  and  at  nearly  3  miles  altitude  (Mount 
Whitney).  Although  both  the  quantity  and  the  quality  of  the  solar  radiation 
found  at  these  stations  differ  very  much,  neither  the  “solar  constant”  nor  the 
distribution  of  the  solar  energy  in  the  spectrum  outside  the  atmosphere,  as  fixed 
by  the  wholly  independent  measurements  at  these  three  stations,  differs  more 
than  would  be  expected  in  view  of  the  unavoidable  small  errors  of  observation. 
We  seem  justified  in  concluding  that  we  do,  in  fact,  eliminate  the  effects  of  atmos¬ 
pheric  losses  and  actually  determine  the  true  quantity  and  quality  of  the 
sun’s  radiation  outside  the  atmosphere  as  we  might  do  if  we  could  observe 
in  free  space  with  no  atmosphere  at  all  to  hinder. 

2.  Variability  of  the  Sun. 

In  the  expeditions  to  Mount  Wilson  made  in  1905,  1906,  1908,  1909,  and 
continued  in  1910,  daily  determinations  of  the  solar  constant  were  made  when 
possible.  As  stated  in  earlier  reports,  the  results  indicate  a  variability  of  the  sun. 

The  “solar  constant”  results  lie  between  1.80  and  2  calories  per  square 
centimeter  per  minute.  Successive  days’  results  march  step  by  step  regularly 
from  low  to  high  values  and  the  reverse,  and  this  order  of  march  is  not  the  exception, 
but  almost  without  exception  the  rule.  This  seems  to  render  it  highly  improbable 
that  the  fluctuations  are  due  to  accidental  error,  for  such  a  regularity  of  fluctuation 
is  incompatible  with  that  supposition.  As  it  has  now  been  shown  that  the  altitude 
of  the  observing  station  is  immaterial,  at  least  for  altitudes  below  3  miles,  it  seems 
also  reasonable  to  conclude  that  the  fluctuation  is  not  due  to  faulty  estimates 
of  the  losses  of  radiation  in  the  air.  Hence  the  most  probable  conclusion  is  that 
the  sun  actually  varies  from  day  to  day  in  its  output  of  radiation  within  limits 
of  from  5  to  10  per  cent  in  quantity  and  in  irregular  periods  of  from  5  to  10  days. 
But  this  conclusion  could  be  stated  only  tentatively  in  1910.  Before  it  could  be 
accepted  without  question  it  required  to  be  confirmed  by  showing  that  the  results 
obtained  day  after  day  at  another  equally  good  station,  at  a  great  distance,  agree 


1  This  will  be  more  thoroughly  discussed  in  Chapter  V.  The  Mount  Wilson  results  now  seem  to  be  the  higher. 
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with  those  obtained  simultaneously  at  Mount  Wilson  in  showing  the  supposed 
variation. 

3.  The  Sun’s  Energy  Spectrum. 

A  summary  was  prepared  showing  the  mean  result  of  determinations  of  the 
distribution  of  the  sun’s  energy  in  the  spectrum,  as  it  would  be  found  outside 
the  atmosphere.  The  measurements  on  which  it  is  based  include  Washington, 
Mount  Wilson,  and  Mount  Whitney  work  of  1903  to  1910,  and  have  been  made 
with  many  different  optical  systems.  There  is  great  difficulty  in  getting  an 
accurate  estimate  of  the  relative  losses  suffered  by  rays  of  different  wave  lengths 
in  traversing  the  spectroscope.  Especially  is  this  the  case  for  the  violet  and 
ultra-violet  rays,  where  these  losses  are  greatest.  The  summary  showed  that 
further  determinations  were  needed  to  fix  the  distribution  in  the  extreme  ultra¬ 
violet,  and  observations  for  this  purpose  were  made  in  June,  1911,  on  Mount 
Wilson. 

4.  Other  Observations  Made  on  Mount  Whitney. 

Although  the  main  purpose  of  the  Mount  Whitney  expedition  of  1910  was 
served  by  proving  that  the  determinations  of  the  solar  constant  of  radiation  are 
independent  of  the  altitude  of  the  observing  station,  advantage  was  taken  of  the 
unusual  opportunity  to  make  several  other  kinds  of  observations.  Kapteyn’s 
sky  photometer  was  employed  there  on  two  successive  nights  to  measure  the 
relative  brightness  of  the  different  regions  of  the  night  sky  and  to  estimate  the 
total  quantity  of  sky  illumination  per  square  degree  compared  with  that  of  a 
first-magnitude  star.  Yntema  had  employed  similar  apparatus  in  Holland.  He 
found  the  average  brightness  of  the  Milky  Way  about  two  or  three  times  that  of 
nongalactic  regions  of  the  sky,  such  as  the  north  polar  region,  but  that  the  sky 
near  the  horizon  was  of  about  the  same  brightness  as  the  Milky  Way.  He  concluded 
that  the  sky  at  night  is  illuminated  more  by  some  terrestrial  sources  of  light  than 
by  the  stars. 

The  results  obtained  on  Mount  Whitney  at  nearly  3  miles  elevation  agreed  in 
general  with  those  of  Yntema.  The  following  is  a  summary  of  the  principal  points. 
Mean  values  are  given: 

Brightness  of  night  sky. 

[Polar  brightness=l.  Mount  Whitney,  1909-1910.] 


Galactic  latitude. 

Near  hori¬ 
zon. 

0°  to±5° 

±15°to±30° 

±45°to±60° 

±60°to±75° 

Relative  brightness. . . . . 

2. 10 

1.  25 

1. 19 

1. 17 

1.40 

The  total  illumination  from  1  square  degree  of  polar  sky  was  found  to  be  0.0746 
that  of  one  first-magnitude  star  in  the  zenith.  It  is  possible  that  the  fraction  just 
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given  may  be  a  little  too  small,  owing  to  a  source  of  error  discovered  after  the 
observations  were  ended. 

Computations  from  the  Mount  Whitney  results  confirm  Yntema’s  conclusion 
that  the  great  increase  of  brightness  toward  the  horizon  can  not  be  due  to  any 
arrangement  of  starlight,  but  must  be  caused  by  some  terrestrial  source  of  light, 
perhaps  a  continuous  faint  aurora. 

Bolometric  measurements  were  made  on  Mount  Whitney  to  determine  the 
relative  radiation  of  the  sky  by  day  in  all  directions,  as  compared  with  the  sun. 

5.  Washington  Observations. 

Further  experiments  were  made  under  Mr.  Fowle ’s  direction,  on  the  transmis¬ 
sion  of  radiation  of  great  wave  lengths  through  long  columns  of  air  containing 
known  quantities  of  water  vapor.  Many  of  these  observations  are  not  yet  reduced, 
so  that  it  is  not  yet  proper  to  give  a  numerical  summary  of  results.  The  length  of 
the  column  experimented  upon  has  been  increased  to  800  feet.  The  measure¬ 
ments  cover  the  infra-red  spectrum,  from  the  A  line  to  a  wave  length  of  about  17 fi. 
The  observations  of  the  water  contents  of  the  air  column  are  made  by  means  of 
pairs  of  wet  and  dry  thermometers  located  at  a  number  of  points  along  the  path. 
The  air  is  thoroughly  stirred  before  readings.  Check  experiments  by  Mr.  Aldrich, 
in  which  he  drew  the  air  through  phosphorus  pentoxide  tubes  and  weighed  the 
water  absorbed,  have  confirmed  the  accuracy  of  the  water-vapor  determinations. 
Mr.  Fowle  made  a  preliminary  comparison  of  the  upper  infra-red  spectrum  bands 
p,  <7,  r,  <t>,  and  II,  as  observed  through  the  tube  with  the  same  bands  as  observed 
through  the  whole  atmosphere  at  Washington,  Mount  Wilson,  and  Mount  Whitney. 
The  results  lead  to  more  exact  knowledge  of  the  total  quantity  of  water  vapor  in 
the  atmosphere,  and  its  variation  with  the  altitude  of  the  observer  and  the  season 
of  the  year. 

6.  Reduction  of  Observations. 

Each  day  of  solar-constant  observation  requires  the  equivalent  of  three  full 
days  of  computation.  This  work  was  carried  on  at  Washington  by  Messrs.  Fowle 
and  Aldrich  and  Miss  Graves  and  certain  graphical  parts  of  it  by  minor  clerk  Segal. 

7.  Pyrheliometry. 

Additional  comparisons  of  the  Mount  Wilson  secondary  pyrheliometers  were 
made  with  primary  standard  pyrheliometer  No.  3.  These  confirmed  the  results 
of  the  previous  fiscal  year,  so  that  we  may  regard  the  scale  of  absolute  pyrheli¬ 
ometry  as  now  satisfactorily  established,  and  with  it  the  mean  value  of  the  solar 
constant  of  radiation  for  the  epoch  1905-1910  as  fixed  at  about  1.922  calories  per 
square  centimeter  per  minute.1 


1  Subject  to  later  small  corrections. 


ANNALS  OF  THE  ASTEOPHYSICAL  OBSEEVATOEY. 


17 


Additional  copies  of  the  secondary  silver-disk  pyrheliometer  were  standardized 
and  sent  abroad  by  the  Institution  as  loans  or  purchases.  Copies  were  by  this 
time  in  Russia,  Germany,  France,  Italy,  England,  Peru,  Argentina,  and  several 
within  the  United  States.  The  Smithsonian  Institution  has  undertaken  the  busi¬ 
ness  relating  to  furnishing  these  pyrheliometers,  which  are  standardized  at  the 
Astrophysical  Observatory,  to  promote  exact  knowledge  of  the  sun  and  its  possible 
variability. 

FISCAL  YEAR  1911-12. 

1.  On  the  Variability  of  the  Sun. 

While  the  Mount  Wilson  work  had  seemed  to  recommend  very  strongly  the 
conclusion  that  the  sun  is  variable,  it  was  not  perhaps  impossible  that  local  atmos¬ 
pheric  conditions  may  have  had  some  influence  there,  so  that  what  seemed  most 
likely  to  have  been  solar  changes  may  possibly  have  been  of  atmospheric  origin. 
To  exclude  this  possibility  it  was  necessary  to  show  that  the  same  results  would  be 
reached  by  simultaneous  observations  at  another  station  far  from  Mount  Wilson. 

The  station  at  Washington  is  unsuitable  for  this  purpose  because  clouds  so 
often  interfere.  A  station  near  the  city  of  Mexico  was  proposed  and  would  have 
been  occupied  in  July,  but  just  as  definite  arrangements  were  being  concluded 
the  town  where  the  expedition  was  to  locate  was  reported  sacked  by  a  war  party. 
As  the  conditions  in  Mexico  seemed  likely  to  remain  disturbed  for  some  time,  another 
part  of  the  world  was  chosen.  Considerations  of  accessibility,  favorable  climate, 
high  altitude,  and  peaceful  conditions,  seemed  to  recommend  Algeria. 

2.  Expedition  to  Algeria. 

Congress  having  provided  funds,  an  expedition  under  the  immediate  charge  of 
the  Director  proceeded  in  July  to  Bassour,  Algeria,  to  make  there  a  long  series  of 
solar-constant  observations  simultaneously  with  similar  observations  made  by 
Assistant  Aldrich  on  Mount  Wilson.  The  Algerian  expedition  included  Mr.  and 
Mrs.  Abbot  and  Prof.  F.  P.  Brackett,  of  Pomona  College,  California.  The  apparatus 
carried  comprised  32  cases  of  apparatus  and  material.  The  expedition  landed  at 
Algiers  on  July  25,  1911,  where  great  aid  was  rendered  by  Monsieur  Rene  L.  J. 
Boisson,  vice  consul  of  the  United  States.  Free  entry  of  the  equipment  was 
granted  by  the  French  Government.  By  the  advice  of  Director  Gonnessiat,  of  the 
Observatory  of  Algiers,  it  was  decided  to  locate  on  the  plateau  some  50  to  100  miles 
directly  south  of  Algiers.  Mr.  Abbot  had  the  good  fortune  to  meet  Director  P.  de 
Mestral  of  the  Elcole  Roudil,  near  Ben  Chicao,  to  obtain  from  him  permission  to 
observe  from  a  hill  situated  about  one-fourth  mile  east  of  a  little  hamlet  called 
Bassour,  and  to  live  in  a  4-room  stone  farmhouse  in  Bassour,  belonging  to  the 
Elcole  Roudil.  The  observing  station  was  located  in  latitude  36°  13'  20"  N., 
longitude  2°  5U  30"  E.,  at  an  elevation  of  1,160  meters. 
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With  the  exception  of  one  French  family,  all  the  neighbors  during  most  of  the 
four  months’  stay  were  Arabs.  A  screen  door  added  to  the  house  by  the  Americans 
to  hinder  the  entrance  of  house  flies,  proved  to  have  a  no  less  valuable  effect  in 
keeping  out  uninvited  visitors.  Ancient  methods  of  agriculture  prevail  in  this 
region.  Wheat  is  the  staple  crop.  The  Arabs  plow  with  wooden  plows,  and 
the  grain  is  thrashed  by  treading  out  with  oxen  or  mules,  just  as  probably  was 
done  in  the  same  country  thousands  of  years  ago. 

The  manage  for  the  party  was  in  the  hands  of  Mrs.  Abbot,  who  accompanied 
her  husband,  and  doubtless  owing  to  this  circumstance  no  serious  sickness  of  any 
kind  occurred  while  the  observers  were  in  the  field. 

A  complete  spectrobolometric  outfit  was  erected,  including  a  small  dark-room 
shelter  for  the  photographic  recording  galvanometer.  This  shelter  was  built  by 
Messrs.  Abbot  and  Brackett  out  of  packing  boxes.  The  apparatus  was  the  same 
that  Mr.  Abbot  had  used  in  1909  and  1910,  in  his  brief  expeditions  to  the  summit 
of  Mount  Whitney,  California  (4,420  meters).  It  is  rather  a  new  departure  with 
the  bolometer,  that  delicate  instrument  which  measures  the  millionth  of  a  degree 
rise  of  temperature,  to  use  it  out  of  doors,  following  the  sun  in  an  equatorial  tele¬ 
scope,  but  Mr.  Abbot  successfully  used  it  so  in  1908  at  Flint  Island,  in  the  South 
Pacific,  in  1909  and  1910  at  Mount  Whitney,  and  now  for  several  months  in  1911 
in  Algeria. 

Station  was  reached  on  July  31,  1911,  but  owing  to  a  most  unfortunate  mis¬ 
carriage  of  a  box  of  apparatus,  observations  could  not  be  commenced  until  August 
26,  and  several  more  days  were  required  to  get  the  whole  outfit  working  satisfac¬ 
torily.  The  weather  of  August  was  excellent  at  both  Mount  Wilson  and  Bassour, 
but  in  the  subsequent  months  the  good  days  at  one  station  frequently  coincided 
’  with  bad  ones  at  the  other.  Hence,  although  44  days  of  solar-constant  observations 
were  secured  at  Bassour  up  to  November  17,  when  the  camp  was  broken  up,  and  a 
still  greater  number  were  secured  at  Mount  Wilson,  only  29  of  these  coincided. 

In  spite  of  the  loss  of  August  and  the  unfavorable  weather  of  subsequent 
months,  the  results  when  reduced  strongly  confirm  the  supposed  variability  of 
the  sun. 

While  the  simultaneous  observations  made  in  1911  at  Bassour  and  Mount 
Wilson  seemed  justly  interpretable  as  confirming  the  variability  of  the  sun,  yet  it 
was  felt  that  a  result  of  such  uncommon  interest  ought  to  be  put  beyond  the  smallest 
warrantable  doubt.  Accordingly,  in  May,  1912,  Mr.  and  Mrs.  Abbot  again  returned 
to  Bassour,  where  they  were  joined  on  May  20  by  Mr.  Anders  Knutson  Angstrom, 
as  temporary  assistant.  Observations  were  begun  on  June  2.  Observations  on 
Mount  Wilson  had  already  been  begun  by  Mr.  Fowle  in  April. 

The  results  obtained  in  the  expeditions  of  1911  and  1912  are  in  good  accord 
and  prove  conclusively,  as  we  think,  the  variability  of  the  sun. 
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The  measurements  of  1912  were  somewhat  interfered  with  by  the  diffusion 
over  both  observing  stations,  Mount  Wilson  and  Bassour,  of  a  cloud  of  dust  from 
the  volcanic  eruption  of  June  6,  7,  8,  1912,  at  Mount  Katmai,  Alaska.  The  dust 
became  noticeable  about  June  20  and  continued  until  after  the  return  of  the  expe¬ 
ditions,  about  September  10.  In  August  it  reduced  the  direct  solar  radiation  by 
nearly  or  quite  20  per  cent. 

3.  On  the  Dissemination  op  Standards  op  Pyrheliometry. 

The  Smithsonian  Institution  having  undertaken  to  furnish  silver-disk  pyrhelio- 
meters  at  cost  when  useful  solar  researches  seemed  likely  to  be  promoted  thereby, 
the  assembling  of  the  completed  instruments,  their  standardization,  and  their  pack¬ 
ing  for  shipment  have  been  done  at  the  Astrophysical  Observatory.  During  the  fis¬ 
cal  year  about  10  such  instruments  were  prepared  and  sent  out,  mostly  to  foreign 
governmental  meteorological  services.  When  returning  from  Algeria  Mr.  Abbot 
compared  silver-disk  pryheliometer  A.  P.  O.  No.  9  at  Naples  and  Potsdam  with 
similar  instruments  furnished  by  the  Institution.  In  neither  case  was  there  found 
any  change  of  readings  of  the  instruments  compared.  It  was  hoped  to  make  com¬ 
parisons  also  at  London  and  Paris,  but  the  weather  prevented. 

4.  On  the  Absorption  of  Radiation  by  Atmospheric  Water  Vapor. 

Mr.  Fowle  continued  the  research  on  the  absorption  of  radiation  by  water  vapor, 
and  devised  and  published1  a  method  for  determining  spectroscopically  the  total 
quantity  of  water  vapor  included  between  the  observer  and  the  sun.  The  method 
is  based  on  spectrobolometric  observations  made  with  the  long  absorption  tube 
mentioned  in  the  last  two  reports,  and  is  applicable  to  all  bolometric  observations 
of  the  sun’s  infra-red  spectrum.  It  seems  probably  to  be  accurate  to  within  1  or 
2  per  cent.  Heretofore  there  has  been  no  method  of  estimating  atmospheric  water 
vapor  excepting  from  observations  of  the  humidity  prevailing  at  the  surface  of  the 
earth  or  near  kites,  balloons,  and  mountains.  From  such  psychrometric  observa¬ 
tions  made  at  different  levels  general  formulae  for  the  average  humidity  of  the 
atmosphere  have  been  derived.  Mr.  Fowle  finds,  however,  that  these  formulae, 
while  representing  average  conditions,  are  often  widely  astray  on  individual  days. 
He  is  preparing  further  data  from  Washington,  Mount  Wilson,  Mount  Whitney, 
and  Bassour  spectrobolometric  work,  to  promote  a  more  complete  study  of  atmos¬ 
pheric  humidity. 

This  investigation  has  yielded  a  valuable  application  for  solar-constant  work, 
for  Mr.  Fowle  has  found  a  way  to  very  greatly  shorten  the  work  of  correcting  for 
water  vapor  absorption  in  reducing  the  holographic  observations.  This  diminished 
by  about  one-fifth  the  labor  of  reducing  the  solar-constant  work,  and  at  the  same 
time  yielded  results  of  slightly  greater  accuracy  than  before. 


1  Astrophysical  Journal,  Vol.  35,  1912,  p.  149. 
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Atmospheric  water-vapor  absorption  work  was  confined  to  the  upper  infra-red 
spectrum  bands  this  year.  A  vacuum  bolometer  is  in  preparation,  by  means  of 
which  a  considerable  gain  in  sensitiveness  of  the  apparatus  is  hoped  for.  This  will 
greatly  promote  the  value  of  the  work  at  very  great  wave  lengths,  and  accordingly 
this  part  of  the  work  has  been  allowed  to  await  the  introduction  of  the  vacuum 
bolometer. 

Prof.  F.  P.  Brackett  served  as  temporary  bolometric  assistant  to  the  Algerian 
expedition  of  1911. 

Mr.  Anders  Knutson  Angstrom  served  as  temporary  bolometric  assistant  to 
the  Algerian  expedition  of  1912. 

Miss  F.  E.  Frisby  was  appointed  temporary  computer,  February  12,  1912. 

Minor  Clerk  M.  Segal  resigned  March  1,  1912. 

F.  R.  Carrington  was  appointed  messenger  boy  on  March  25,  1912. 

FISCAL  YEAR  1912-13. 

This  year  was  mainly  devoted  (after  the  return  in  September  of  the  solar- 
constant  expeditions)  to  the  preparation  of  Volume  III  of  the  Annals.  Experi¬ 
ments  were  made,  however,  at  Washington  by  Messrs.  Abbot  and  Aldrich  with  a 
new  form  of  standard  pyrheliometer  called  the  Water-Stir  Pyrheliometer.  This 
was  found  to  be  in  close  agreement  with  the  water-flow  pyrheliometers.  Prepara¬ 
tions  for  observations  in  California  were  taken  up  in  May,  1913. 


Chapter  I. 


AIM  AND  METHOD  OF  PRINCIPAL  INVESTIGATION. 

We  have  aimed  to  determine  the  intensity  of  the  solar  radiation,  as  it  is  in  free 
space  at  the  earth’s  mean  solar  distance,  and  to  detect  variations  of  the  sun’s  emis¬ 
sion  if  these  exceed  1  per  cent. 

The  interposition  of  the  earth’s  atmosphere,  sometimes  cloudy  or  hazy,  and 
even  when  clear  depleting  the  solar  beam  selectively  by  absorption  and  by  scat¬ 
tering,  complicates  the  process  of  observing  and  tends  to  raise  reasonable  doubt  of 
the  soundness  of  apparently  just  conclusions,  so  that  they  require  extraordinary 
verification  for  credence.  We  have  made  in  all  nearly  700  complete  determinations 
at  four  different  observing  stations  ranging  from  sea  level  to  4,420  meters  in  ele¬ 
vation,  and  with  many  forms  of  apparatus,  to  yield  the  results  we  shall  describe. 

METHOD  OF  INVESTIGATION. 

In  Volume  II  of  these  Annals,  we  have  explained  the  theory  of  our  method, 
pages  13  to  17,  18  and  19;  described  the  apparatus  employed,  pages  21  to  49;  given 
sample  observations  and  reductions,  pages  50  to  57;  discussed  sources  of  error, 
pages  58  to  82;  and  published  the  principal  results  obtained  up  to  the  year  1907, 
pages  83  to  116.  We  have  made  so  many  modifications  of  the  apparatus  and 
procedure  since  1907  that,  before  giving  a  list  of  these  improvements,  we  shall 
require  for  clearness  to  state  the  processes  we  now  employ. 

To  estimate  the  intensity  of  the  solar  radiation  outside  the  atmosphere  by  the 
method  of  high  and  low  sun  observations  of  homogeneous  rays,  it  is  necessary  to 
measure  the  intensities  of  the  different  rays  of  the  solar  spectrum  and  to  determine 
the  changes  depending  on  the  zenith  distance  of  the  sun.  The  solar  radiation  lies 
almost  wholly  between  wave  lengths  0.29  (i  and  2.5  [i.  In  our  Mount  Wilson  work 
we  usually  observe  from  0.33  [i  to  2.5  At  Bassour,  Algeria,  we  observed  from 
0.30  ii  to  2.5  fi.  On  Mount  Whitney  we  observed  from  0.29  ^  to  3.0  y. 

Plate  1  shows  spectrobolometric  energy  curves  of  the  solar  spectrum  taken 
at  Mount  Wilson,  California,  September  5,  1912,  with  the  sun’s  zenith  distance 
decreasing  from  curve  to  curve.  Six  or  seven  such  curves,  called  holographs,  are 
obtained  while  the  sun  is  rising  from  about  75°  to  about  40°  of  zenith  distance 
or  is  descending  through  corresponding  angles.  Shutters  are  inserted  at  places 
indicated  thus:  *  to  give  the  zero  of  radiation.  Through  these  zero  points  are 
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drawn  the  lines  of  zero  radiation  Ci  c2  c3  c4.  On  each  holograph  there  is  drawn  a 
representative  smooth  curve  as  shown  at  a  a  of  plate  1.  This  smooth  curve  is 
intended  to  inclose  approximately  the  same  area  as  the  greatly  indented  curve  of 
observation,  excepting  in  regions  like  those  marked  A,  p or,  <p,  12,  where  the  earth’s 

atmosphere  is  known  to  exercise  selective  absorption.  The  ordinates  of  the  smooth 
curves  are  next  measured  at  about  40  equally  spaced  intervals.1  Taking  any 
single  place  among  these  40,  the  ordinates  of  the  six  or  seven  successive  curves 
form  a  series  of  gradually  increasing  numbers.  Their  increase  depends  on  the 
decrease  of  length  of  path  of  the  solar  beam  in  the  atmosphere  during  the  interval 
of  observation. 

Before  taking  up  the  relation  of  zenith  distance  to  the  measurements,  other 
factors  must  be  considered.  The  spectrobolometer  is  not  an  instrument  of  fixed 
scale,  and  indeed  is  liable  to  slight  variations  of  bolometric  sensitiveness  and  of 
optical  transparency  during  a  single  day  of  observation.  Its  transparency  differs 
from  wave  length  to  wave  length  in  the  spectrum.  Furthermore,  for  convenience, 
the  scale  of  the  bolographs  is  changed  by  introducing  rotating  sectors  at  several 
points,  marked  b  b  b  b  b  in  plate  1,  so  as  to  keep  the  curve  at  a  convenient  height 
for  recording  it  photographically.  These  latter  changes  of  scale  are  rectified 
by  applying  appropriate  multiplying  factors.  The  numbers  are  next  multiplied 
individually  by  factors  adapted  to  eliminate  the  inequality  of  optical  transmission.2 
By  taking  the  sum  of  the  corrected  numbers,  we  next  obtain  a  number  proportional 
to  the  area  included  by  a  smooth  curve  bolograph  of  uniform  scale  and  uniform 
transparency  of  apparatus. 

The  corresponding  sum  of  the  areas  included  between  the  smooth  curve  and 
the  original  bolograph  in  the  regions  of  atmospheric  absorption  is  next  obtained.3 
Subtracting  the  band  area  from  the  smooth  curve  area  we  obtain  the  area  of  a 
bolograph,  as  influenced  by  selective  atmospheric  absorption,  but  now  of  uniform 
scale,  and  freed  from  inequality  of  spectral  transmission  of  the  apparatus.  Small 
corrections  are  added  to  allow  for  ultra-violet  and  infra-red  rays  beyond  the  region 
of  spectrum  observed.  Similar  combined  areas  are  obtained  from  each  of  the  other 
bolographs. 

These  six  or  seven  areas  would  be  proportional  to  the  intensity  of  solar  radia¬ 
tion  at  the  earth’s  surface,  at  the  successive  times  of  observation,  if  no  change 
had  meanwhile  occurred  in  the  sensitiveness  or  in  the  average  transparency  of 

1  The  spaces  are  taken  half  as  great  in  the  infra-red  spectrum  to  secure  greater  accuracy. 

2  The  details  of  the  process  of  determining  these  transmission  factors  for  the  apparatus  will  be  stated  below. 

3  Formerly  we  determined  these  absorption  band  areas  by  readings  on  each  band.  But  it  was  found  by  Mr.  Fowle 
that  their  sum  may  be  expressed  empirically  as  a  function  of  the  ratio  of  the  minimum  ordinate  of  the  band  p  (or  </.>)  to 
the  corresponding  ordinate  of  the  smooth  curve.  We  have  tested  this  relation  by  platting  a  great  number  of  observed 
band  ordinate  ratios  and  total  areas  and  find  the  average  deviation  of  the  observed  and  computed  band  areas  to  be 
only  about  2  per  cent,  which  is  not  greater  than  the  error  of  measurement.  As  the  total  band  area  amounts  to  from  10 
to  15  per  cent  of  the  total  area  of  the  bolograph,  this  average  deviation  corresponds  to  less  than  0.3  per  cent  of  the  whole 
holographic  area. 
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Plate  I. 


BOLOGRAPHS  OF  SOLAR  SPECTRUM  OF  60°  ULTRA-VIOLET  CROWN  GLASS  PRISM, 
a.— Smooth  Curve  of  Measurement  b.— Scale  Changed,  c— Zero  Line.  *  —  Shutter  Interposed. 


. . .  .'!!• ....  .......  ....... 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


23 


the  spectrobolometer  for  the  whole  spectrum.  To  determine  the  magnitude  of  such 
changes,  and  to  fix  the  scales  of  the  areas,  they  are  next  compared  with  the  true  total 
intensities  of  radiation  observed  at  the  same  times  by  the  pyrheliometer.  Divid¬ 
ing  the  pyrheliometer  value  by  the  corresponding  corrected  bolographic  area,  we 
obtain  the  number  of  calories  per  square  centimeter  per  minute  per  unit  of  bolo¬ 
graphic  area.  These  ratios  differ  slightly  for  the  several  holographs.  We  take 
their  mean,  and  the  fractional  deviations  of  the  several  ratios  from  the  mean,  and 
then  multiply  all  the  corrected  ordinates  by  the  so-obtained  small  correcting  factors, 
so  that  they  are  now  finally  reduced  to  a  uniform  and  determined  scale  for  the 
whole  day. 

Referring  to  these  Annals,  Volume  II,  page  16,  and  Plate  XIV,  the  logarithms 
of  each  series  of  six  or  seven  corrected  numbers  representing  one  wave  length  may 
be  plotted  as  ordinates,  and  the  secants  of  the  corresponding  zenith  distances  of 
the  sun  as  abscissae.  If  the  sky  has  been  uniformly  clear  during  the  interval  of 
observation  the  resulting  best  representative  plot  is  a  straight  line.  The  tangent 
of  the  inclination  of  this  line  is  the  logarithm  of  the  coefficient  of  atmospheric 
transmission  for  vertical  rays  of  this  wave  length.  The  intercept  of  the  line  on  the 
axis  of  ordinates  is  the  logarithm  of  the  ordinate  of  the  corrected  bolograph  which 
would  have  been  obtained  if  the  observation  had  been  made  outside  the  atmosphere. 

The  sum  of  the  extra-atmospheric  ordinates,  obtainable  from  the  40  series 
of  logarithmic  plots  in  this  manner  would  be  the  area  of  a  bolograph  corrected  to 
uniform  scale  and  uniform  optical  transmissibility  if  it  could  be  observed  outside 
the  atmosphere.  Multiplying  this  area  by  the  number  found  before  to  represent 
calories  per  square  centimeter  unit  of  area,  we  obtain  the  intensity  of  the  solar 
radiation  outside  the  atmosphere.  Multiplying  this  by  the  square  of  the  solar 
distance  in  astronomical  units,1  we  finally  obtain  the  value  of  the  solar  constant  of 
radiation  for  the  day  in  question  according  to  the  observations  made. 

SYLLABUS  OF  SOLAR-CONSTANT  DETERMINATION. 

1.  Six  or  more  holographs  taken  on  a  single  day  at  solar  zenith  distances  ranging  from  75° 

to  40°. 

2.  Pyrheliometer  read  nearly  simultaneously  with  each  bolograph. 

3.  Representative  smoothed  curves  drawn  on  holographs. 

4.  Ordinates  of  smooth  curve  holographs  measured  at  about  40  equally  spaced  intervals. 

5.  Ordinates  corrected  for  sector  values. 

6.  Ordinates  corrected  for  transmission  of  apparatus. 

7.  Sum  of  ordinates  taken  for  area  of  each  bolograph. 

8.  Band  areas  determined  and  subtracted  from  sum. 

9.  Corrections  added  for  ultra-violet  and  infra-red  rays  not  observed. 

10.  Pyrheliometer  values  divided  by  corrected  sums. 

11.  Correcting  factors  determined  by  departures  of  these  ratios  from  mean. 

12.  Correcting  factors  applied  to  ordinates  (6). 


1  Mean  radius  vector  of  the  earth’s  orbit. 
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13.  Secants  of  zenith  distances  determined. 

14.  Logarithms  of  ordinates  (12)  taken. 

15.  Logarithms  (14)  plotted  as  ordinates  against  secants  (13)  as  abscissae. 

16.  Tangents  of  about  40  lines  so  determined  taken  as  logarithms  of  atmospheric  transmission 

coefficients. 

17.  Intercepts  of  about  40  lines  on  axis  of  ordinates  taken  as  logarithms  for  intensity  curve 

outside  earth’s  atmosphere. 

18.  Antilogarithms  of  (16)  and  (17)  taken. 

19.  Sum  of  antilogarithms  of  (17)  taken. 

20.  Corrections  added  for  ultra-violet  and  infra-red  rays. 

21.  Sum  (20)  multiplied  by  “mean”  of  (11)  and  by  square  of  sun’s  distance  in  astronomical 

units. 

This  complicated  process  requires  for  success  a  clear  sky,  or  at  least  a  uni¬ 
form  sky,  for  the  several  hours  required  to  make  the  observations;  a  costly  and 
delicate  spectrobolometric  apparatus;  a  standardized  pyrheliometer;  one,  or  pref¬ 
erably  two,  skilled  observers;  about  25  hours  of  measurement  and  computation  to 
reduce  each  day  of  observations.  The  theoretical  groundwork,  given  in  the  pas¬ 
sages  of  Volume  II  of  the  Annals  already  cited,  indicates  the  probable  soundness 
of  the  method.  In  practice  we  have  verified  its  soundness  by  observing  simul¬ 
taneously  at  Washington  and  Mount  Wilson;  again  at  Bassour,  Algeria,  and  Mount 
Wilson;  again  at  Mount  Wilson  and  Mount  Whitney.  In  each  case  the  results 
of  thus  simultaneously  observing  at  different  altitudes  agreed  within  the  experi¬ 
mental  error,  and  generally  within  2  per  cent,  so  that  we  think  we  are  justified 
in  concluding  that,  as  no  systematic  error  depending  on  the  altitude  is  indicated 
by  theory  or  has  disclosed  itself  in  experiments  between  stations  from  sea  level 
to  4,420  meters,  no  sensible  difference  from  our  results  would  be  found  if  we  could 
observe  at  the  limit  of  the  atmosphere. 

ILLUSTRATIVE  EXAMPLE  OF  OBSERVATIONS  AND  REDUCTIONS. 

To  fix  ideas  we  give  sample  observations  and  reductions  illustrating  the  process 
we  have  described : 

Station,  Mount  Wilson,  California. 

Date,  September  5,  1912. 

Sky  very  hazy,  streaky  near  E.  horizon.1 

Observer  for  spectrobolometer  and  pyrheliometer  F.  E.  F. 

(1)  SPECTROBOLOMETRIC  OBSERVATIONS. 

Current  of  battery,  0.16  ampere. 

Bolometer,  12  mm.  X  0.06  mm.  Resistance,  4  ohms. 

Slit  of  spectroscope,  100  X  1.2  mm. 

Rotating  sectors :  First  If  minutes,  none.  Reducing  factor,  0.0330. 

Next  1  minute,  first.  Reducing  factor,  0.1040. 

Next  1  minute,  second.  Reducing  factor,  0.3300. 

Next  2\  minutes,  third.  Reducing  factor,  1.0000. 

Next  i  minute,  second.  Reducing  factor,  0.3300. 

Next  II  minutes,  first.  Reducing  factor,  0.1040. 

1  The  high  haze  produced  by  the  Alaskan  volcano  on  June  7  was  still  thick  in  September. 
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Shutter  inserted  for  7  second  intervals.  After: 

Either  fO,  0.6,  2.1,  3,  4,  5|,  6.  1,  7£  1  minutes, 
orjO,  I,  2,  3$,  4|,  51,  -,  7^J minutes. 

All  holographs  started  at  counter  reading  191'  30". 

In  1  minute  of  time:  Counter  turns  2';  spectrum  moves  40'  of  arc;  and  plate  moves 
8  centimeters. 

Extent  of  spectrum  observed:  ^  =  0.3415  fi  to  ^  =  2.3481  p. 

Holographs  taken  as  follows: 

Table  1. — Observations  with  spectrobolometer. 


Number. 

Plate. 

Apparent 
solar  time  at 
start. 

Distance  of 
trace  from  side 
of  plate  at 
start. 

Total  drift. 

Counter  at 
close. 

h. 

m. 

cm. 

/ 

It 

1 

1  1 

7 

09 

i 

i  cm.  S . 

206 

30 

2 

1 

7 

29 

2 

0  cm . 

206 

45 

3 

1 

7 

47 

3 

2  cm.  S . 

206 

45 

4 

1 

8 

18 

4 

0  cm . 

206 

45 

5 

2 

8 

53 

0  cm . 

206 

30 

6 

2 

9 

39 

3 

0  cm.... . 

206 

45 

1  This  plate  is  shown  in  illustration  (PI.  1)  of  this  volume. 


(2)  PYRHELIOMETER  OBSERVATIONS  AND  REDUCTIONS. 

Copper  disk  secondary  pyrheliometers  Nos.  IV  and  VII  read  alternately. 

At  each  experiment  the  following  are  the  time  internals,  in  seconds,  at  which  readings 
are  made: 


Shade. 

Sun. 

Shade. 

Pyrheliometer  VII . 

Pyrheliometer  IV . 

20  to  120- 

-80  to  180 

140  to  240- 

-200  to  300 

260  to  360- 

-320  to  420 
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Table  2. — Pyrheliometer  observations  and  reductions. 


Pyrheliometer  VII. 

Pyrheliometer  IV. 

Apparent  solar 
time  at  start. 

Readings. 

Reductions.! 

Apparent  solar 
time  at  start. 

Readings. 

Reductions.’ 

Ti.  m.  s. 

» 

h.  m.  s. 

° 

6  59  20 

12.  06 

+  .07 -.03 

7  00  20 

12.  93 

+  .12 -.03 

—  —  —  .U40 

.  -13 

2 

13.  05 

2 

.30 

.36 

13.  82 

1.52  — .02=1.50 

14.  89 

1.53- . 0.45=1.485 

.94 

1.50(1— 16.9X  .0013)=1.467 

.92 

1.485(1— 15. 9X  .0013)=1. 453 

.91 

Calories  2 =0.744 

.89 

Calories  3 =0.744 

7  19  20 

13.  97 

+  .05 -.07 

7  20  20 

15.  03 

+  .08  — .11 

- =  +  .01 

- - — — =  +  .015 

14.02 

2 

.11 

2 

.26 

.46 

16.  00 

1.74+.01=1.75 

17. 17 

1.71+0.15=1.725 

.14 

1.75(1— 14.9  X-0013)=l. 717 

.22 

1.725(1— 13. 7X  .0013)=1. 694 

.07 

Calories=0.871 

.11 

Calories =0.867 

7  38  20 

15.  86 

+  .04 -.11 

1  09^ 

7  39  20 

16.  98 

+  .04 -.16 

l  Oft 

.90 

■  2  ~  1 

17.  02 

2 

16. 11 

.90 

18.  00 

1.89  +  .035=1.925 

19.  24 

1.84+.06=1.90 

.13 

1.925(1— 12. 9X  .0013)=1. 892 

.29 

1.90(1— 11.7  X-0013)=l. 871 

.02 

Calories =0.960 

.13 

Calories =0.958 

7  59  20 

17.  56 

+  .02 -.17 

8  00  20 

18.  72 

+  .05 -.19 

.58 

—  — -+-.U/ 0 

2 

.77 

.  2  —  +  '07 

.80 

• 

19. 13 

19.  83 

2.03  +  .075=2.105 

21. 13 

2.00+.07=2.07 

20.  00 

2.105(1— 11.2X  ,0013)=2.075 

.18 

2.07(1— 9.9 X  0013) =2. 043 

19.  83 

Calories=1.052 

20.  99 

Calories=1.046 

8  43  20 

19.  51 

+  .06— .18 

8  44  20 

20.83 

+  .07 -.19 

4-  Ofi 

.57 

—  — -r-.uo 

2 

.90 

2 

.82 

21.  31 

22. 10 

2.28+.06=2.34 

23.  53 

2.22+.06=2.28 

.28 

2.34(1— 9X.0013)=2. 312 

.60 

2.28(1— 7. 6X  -0013)=2. 257 

.  10 

Calories = 1.173 

.41 

Calories=1.155 

9  29  20 

21.  86 

+  .06 -.18 

9  30  20 

23.  42 

+  .08 -.22 

+  07 

.92 

—  “  — -f-.uo 

2 

.50 

2 

22.  22 

.90 

24.  66 

2.44+. 06=2. 50 

26.  29 

2.39+.07=2.46 

.90 

2.50(1-6. 6X.0033)=2.477 

.33 

2.46(1— 4.9X.0013)=2.445 

.7*2 

Calories=1.256 

.  11 

Calories=1.251 

11  31  20 

28. 30 

+  .09 -.20 

11  32  20 

29.  52 

+  .05 -.30 

+  125 

.39 

-  2  —  +  .055 

.57 

2 

.70 

30.  02 

31.  27 

2.57  +  . 055=2. 625 

32.  50 

2.48+. 125=2. 605 

.49 

2.625(1— OX  -0013)=2. 625 

.53 

2. 605(1+1. 3X  -0013)=2. 610 

.29 

Calories=1.331 

.23 

Calories=1.336 

1  The  method  of  reduction  is  more  fully  described  under  “Silver-disk  pyrheliometers ”  in  Chapter  III. 

2  Factor  to  calories  per  square  centimeter  per  minute  is  0.5072. 

3  Factor  to  calories  per  square  centimeter  per  minute  is  0.5118. 


I 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


27 


(3)  DETERMINATION  OF  FACTORS  TO  CORRECT  FOR  UNEQUAL  TRANSMIS- 
SIBILIT Y  BY  OPTICAL  SYSTEM  AT  DIFFERENT  WAVE  LENGTHS. 

Smooth  curves  on  all  holographs  having  been  measured  at  each  of  38  points 
equally  spaced  in  prismatic  deviation,  13  of  these  points  were  chosen  for  prelimi¬ 
nary  computations  to  determine  the  selective  transmission  of  the  apparatus.  The 
logarithms  of  readings,  the  secants  of  solar  zenith  distances  corresponding,  the 
logarithms  of  readings  at  zero  air  mass  as  found  graphically,  the  logarithms  of  the 
standard  prismatic  solar  spectrum  energy  curve  outside  the  atmosphere,1  and  the 
antilogarithms  of  the  difference  of  the  last  two  (reciprocal  of  transmission  of  appa¬ 
ratus),  are  given  in  the  following  table  for  6  points  of  the  curve.  These  numbers 
were  reduced  to  a  constant  aperture  of  rotating  sector  and  plotted.  The  final 
correcting  factors  for  the  transmission  of  the  apparatus  are  taken  from  the  smooth 
curve  thus  defined,  but  are  reduced  back  again  to  suit  the  apertures  used. 


Table  3. — Determination  of  spedrobolometer  correcting  factors. 


Place. 

Wave 

length. 

Logarithms  of  readings  and  secants  of  solar  zenith 
distances. 

Logarithm 
for  air- 

Logarithm 
for  stand- 

Antiloga¬ 
rithm  of 

Smoothed 
final  cor¬ 
recting 
factors. 

I. 

IX. 

III. 

IV. 

V. 

VI. 

mass=0. 

ard  curve. 

difference. 

-20 

0.  3838 

|  0.079 
{  3. 158 

0.  250 

2.  604 

0.  352 

2.  261 

0.  462 

1.  860 

0.  505 

1.  576 

0.  580 

1.  349 

0.  961 

0.  356 

0.  248 

0.  211 

-18 

0.  4127 

f  0.653 
j  3. 158 

0.  785 

2.  604 

0.  847 

2.  261 

0.  934 

1.  860 

0.987 

1.  576 

1.037 

1.  349 

1.  313 

0.640 

0.  212 

0.  212 

-15 

0.  4753 

]  0.678 
[  3. 124 

0.  778 

2.  582 

0.  825 

2.  245 

0.  881 

1.  850 

0.  938 

1.  570 

0.  973 

1.  345 

1. 198 

0.  907 

0.  512 

0.  512 

-12 

0.  5742 

J  0.556 
{  3.  090 

0.  646 

2.  560 

0.  683 

2.  230 

0.  732 

1.  840 

0.  778 

1.  564 

0.  806 

1.  342 

1.000 

1.  078 

1.20 

1.  20 

-  8 

0.  8634 

j  0.816 

{  3.058 

0.  874 

2.  538 

0.  892 

2.  215 

0.  926 

1.  830 

0.  949 

1.  558 

0.  967 

1.  338 

1.  082 

1. 156 

1. 19 

1. 17 

-  6 

1. 1474 

j  0.702 
(  3.  042 

0.  748 

2.  538 

0.  769 

2.  215 

0.  799 

1.830 

0.  810 

1.558 

0.  828 

1.  338 

0.  917 

1.011 

1.  24 

1.26 

(4)  REDUCTION  OF  SPECTROBOLOMETRIC  OBSERVATIONS. 

All  38  correcting  factors  having  been  read  off  from  the  correcting  curve,  the 
observed  ordinates  were  multiplied  by  them.  Sums  (^)  were  taken  to  represent 
the  bolographic  areas,  and  from  these  were  taken  the  measured  band  areas.2  Cor¬ 
rections  were  added  for  the  infra-red  and  ultra-violet  beyond  the  spectral  region 
observed,  and  the  corrected  sums  (23)  were  compared  to  the  interpolated  pyrhelio- 


1  As  determined  from  many  measurements  of  1902-1910  at  Washington,  Mount  Wilson,  add  Mount  Whitney. 

2  For  method  of  determination  of  band  areas,  see  Chapter  III. 
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meter  readings  corresponding  in  time  to  the  mean  apparent  hour  angles  at  which 
the  holographs  were  taken.  This  comparison  follows : 


Table  4. — Determination  of  sensitiveness  of  bolometer. 


Holo¬ 

graph. 

H.  A. 

Sec.  z. 

2. 

Violet. 

Bed. 

Bands. 

2  2 (cor¬ 
rected). 

Pyrhelio- 

meter 

readings 

(calories). 

„  .  Cal. 
Ratio 

2  2 

Depart¬ 

ures. 

Correcting 

logarithm. 

I 

4  ft  48  to 

3. 124 

8, 120 

17 

119 

945 

7,  311 

0.  807 

1,104 

+  6 

.002 

II 

28 

2.  582 

9,301 

32 

120 

1,022 

8,  431 

0.  914 

1,084 

-14 

.994 

III 

10 

2. 245 

9, 912 

50 

122 

1,024 

9,  060 

0.  996 

1,100 

+  2 

.001 

IV 

3  39 

1. 850 

10,  798 

72 

128 

1,053 

9,  945 

1. 103 

1,108 

+10 

.004 

V 

4 

1.  570 

11,  676 

92 

132 

1,070 

10, 830 

1. 184 

1,094 

-  4 

.998 

VI 

2  18 

1.  345 

12,317 

108 

136 

1,055 

11, 506 

1.  264 

1,099 

Mean  1, 098 

+  1 

.000 

The  logarithms  of  the  ordinates  were  now  taken  and  corrected  by  the  small 
quantities  in  the  last  column  so  as  to  reduce  all  holographs  to  the  scale  correspond- 

Q  1 

ing  with  the  ratio  ~^r  =  1098.  The  reader  will  note  that  the  range  of  the  depart¬ 
ures  above  is  only  ^Qgg^  =  0.023. 


The  secants  of  zenith  distances  having  been  taken  for  each  minute  of  obser¬ 
vation,  the  corrected  logarithms  of  heights  measured  on  bolographs  were  plotted 
as  ordinates  and  sec  2  values  as  abscissae.  Thus  were  determined  38  straight  lines, 
each  resting  on  6  observed  points.  These  lines  were  produced  to  zero  of  abscissae, 
the  intercepts  on  the  axis  of  ordinates  read  off,  and  also  the  tangents  of  the  angles 
of  inclination.  Anti-logarithms  of  these  values  gave,  respectively,  the  intensities 
outside  the  atmosphere  and  the  coefficients  of  vertical  transmission  through  the 
atmosphere  at  38  spectrum  places.  To  the  sum  of  the  ordinates  of  the  extra- 
atmospheric  curve  were  added  the  corrections  for  ultra-violet  and  infra-red  rays 
not  observed,  and  this  value  was  multiplied  by  the  square  of  the  sun’s  distance  in 

astronomical  units,  and  by  the  mean  value  as  determined  above. 

In  illustration  of  this  process  there  follow  reductions  at  1  of  the  38  places. 


Table  5. — Measurements  and  reductions  at  wave  length  0.577+2  g. 

[Mount  Wilson,  Sept.  5, 1912.] 


Holograph . 

I 

II 

III 

IV 

V 

VI 

Measures . . . . . . 

Corrected  for  transmission  of  apparatus. . 

Logarithms . . . 

Corrected  logarithms . 

Air  mass — sec  z . . . . . . 

cm. 

3.  60 

4.  32 

0.  636 

0.  638 

3.  090 

cm. 

4.  43 

5.  32 

0.  726 

0.  720 

2.  560 

cm. 

4.  82 

5.  78 

0.  762 

0.  763 

2.  230 

cm. 

5.  40 

6.  48 

0.812 

0.  816 

1.  840 

cm. 

6.00 

7. 20 

0.857 

0.  855 

1.  564 

cm. 

6.  40 

7.  68 

0.  885 

0.  885 

1.  342 
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y 

Logarithm  of  coefficient  of  atmospheric  transmission .  —(0.140) 

Logarithm  of  intensity  at  zero  air  mass. . . . . . . 1. 075 

Coefficient  of  atmospheric  transmission. . . . . . ............ _ _ _  0.  724 

Intensity  at  zero  air  mass . . . . .  11.  89 

Grade  of  the  values . .  “Excellent.  ” 


(8)  SUMMARY  OF  DETERMINATION  OF  “SOLAR  CONSTANT  ”  BY  BOLOMETRY 

AND  PYRHELIOMETRY  COMBINED. 

[Mount  Wilson,  Sept.  5, 1912.] 

Table  6. — Summary  of  determination. 


Bolograph . .  — . . . . 

I 

II 

III 

IV 

V 

VI 

Area  smooth  curve . . 

8, 120 

9,  301 

9,  912 

10,  798 

11, 676 

12, 317 

Area  bands . . . 

945 

1,022 

1,024 

1,053 

1,070 

1,055 

Ultra-violet  allowance. . . 

17 

32 

50 

72 

92 

108 

Infra-red  allowance. . . . 

119 

120 

122 

128 

132 

136 

Corrected  area . 

7, 311 

8,  431 

9,060 

9,  945 

10, 830 

11, 506 

Pyrheliometer  (calories) . 

0.  807 

0.  914 

0.  996 

1. 103 

1. 184 

1.  264 

Ratio . 

Correcting  factor  for  sensitiveness  of 

1, 104 

1,084 

1, 100 

1,108 

1,094 

1,099 

spectrobolometer . 

1. 0055 

0.  9873 

1. 0018 

1. 0091 

0.  9964 

1. 0000 

Sum  of  ordinates  at  zero  air  mass . . .  17, 616 

Ultra-violet  allowance . . . . . . . . . . .  279 

Infra-red  allowance. . . . . .  157 

Sum  total . . .  18,052 

Correcting  factor  for  solar  distance . . .  1. 016 

Mean  pyrheliometer  ratio . . . .  1, 098  X 10'7 

Solar  constant  in  calories  per  square  centimeter  per  minute . . .  2. 014 


Grade  of  day’s  work  “Excellent,”  number  of  logarithmic  plots  marked  “Ex¬ 
cellent”  being  21  out  of  a  possible  38,  and  10  others  being  marked  “Very  good.” 
However,  there  is  a  slight  indication  of  a  progressive  clearing  of  the  sky  during  the 
observations,  so  that  the  result  may  be  a  little  too  high. 
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Plate  II. 


Smithsonian  Observing  Station  and  Observer’s  Quarters,  Mount  Wilson,  Cal. 
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Chapter  II. 


THE  STATIONS  AND  THE  APPARATUS. 

Our  observations  of  the  solar  constant  have  been  made  since  1908  at  three 
stations — Mount  Wilson  in  California,  Mount  Whitney  in  California,  and  Bassour 
in  Algeria. 

MOUNT  WILSON,  CALIFORNIA. 

During  the  year  1908  the  expedition  occupied  the  wooden  shelter  shown  in 
Annals,  Volume  II,  Plate  III.  Altitude  1,789  meters  (5,767  feet).  In  November, 
1908,  was  finished  the  observing  shelter  of  cement  blocks  shown  in  the  accompany¬ 
ing  illustration  (pi.  2,  fig.  1).  Plate  3  shows  the  ground  plan.  This  new  building 
stands  on  a  plot  of  ground  100  feet  square  (in  horizontal  projection)  leased  by  the 
Smithsonian  Institution  from  the  Mount  Wilson  Solar  Observatory  for  95  years. 
It  stands  on  a  bold  ridge  overlooking  deep  canyons  to  east,  south,  and  west,  and  is 
at  latitude,  34°  12'  55";  longitude,  118°  3'  34";  altitude  1,727  meters  (5,665 
feet) .  The  tall  piers  shown  at  the  south  end  of  the  building  were  designed  to  carry 
a  tower  for  observing  the  details  of  the  solar  image,  the  reflection  of  clouds  and  the 
light  of  the  sky.  This  tower  is  now  (1912)  begun. 

In  1909  a  small  wooden  cottage  (22  by  25  feet)  was  built  just  north  of  the 
observing  shelter  to  serve  as  observing  quarters  (pi.  2,  fig.  2).  A  steep  flight  of 
cement  steps  leads  down  from  the  cottage  to  the  observatory.  One  could  hardly 
imagine  a  more  retired,  undisturbed,  and  generally  favorable  location  for  the  work 
than  the  new  installation  at  Mount  Wilson  occupies. 

The  Mount  Wilson  spectrobolometric  equipment  is  practically  the  same  as 
described  and  figured  in  these  Annals,  Volume  II,  pages  22-34,  excepting  that  a 
prism  of  ultra-violet  crown  glass  (Schott  &  Genossen  U.  V.  3199)  by  Brashear  was 
substituted  for  the  great  flint  glass  prism  in  July,  1909,  and  at  the  same  time  the 
collimation  of  the  beam  was  dispensed  with.  The  beam  now  falls  first  on  the 
two-mirror  coelostat,  thence  is  reflected  north  and  falls  without  concentration  on 
the  slit,  then  falls  directly  on  the  prism,  thence  on  the  plane  mirror  for  minimum 
deviation,  thence  on  the  spherical  concave  image-forming  mirror,  which  brings  the 
spectrum  to  focus  on  the  bolometer.  The  distances  are  as  follows:  Slit  to  prism, 
3.38  meters;  prism  to  concave  image-forming  mirror,  1.91  meters;  concave  mirror 
to  bolometer,  1.23  meters.  In  1910  three  rotating  sectors  in  front  of  the  slit  were 
substituted  for  the  grill  diaphragms  formerly  used  for  regulating  its  vertical  aper- 
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ture.  This  simple  change  makes  an  improvement  in  accuracy,  for  the  distribution 
of  the  light  on  the  bolometer  is  unchanged  by  the  sectors. 

MOUNT  WHITNEY,  CALIFORNIA. 

The  shelter  on  Mount  Whitney  (pis.  4  and  5)  is  at  latitude  36°  34'  44",  longi¬ 
tude  118°  17'  29",  elevation  4,420  meters  (14,502  feet).  Clouds  occur  frequently 
over  the  mountain  when  there  are  none  over  the  valley  below,  but  when  cloudless 
the  sky  is  of  a  wonderfully  clear  dark  blue,  and  the  humidity  is  extremely  low. 

The  solar-constant  apparatus  employed  on  Mount  Whitney  comprised  a  spectro- 
bolometer,  pyr heliometer,  and  psychrometer. 

(1)  THE  SPECTROBOLOMETER. 

The  Mount  Whitney  spectrobolometer  was  constructed  mainly  by  the  observa¬ 
tory  instrument  maker,  Mr.  Kramer,  from  Director  Abbot’s  designs.  Three  con¬ 
siderations  guided  the  design :  First,  the  instrument  should  be  transportable  to  the 
summit  of  the  mountain.  Second,  it  should  permit  observations  to  be  made  to 
the  ultra-violet  extremity  of  the  solar  spectrum  observable  on  Mount  Whitney. 
Third,  it  should  cost  little.  For  these  essentials  were  sacrificed  all  considerations 
of  ease  of  operation  and  beauty  of  construction.  In  fact,  the  apparatus  was  so 
cheaply  and  hurriedly  made  in  many  respects,  that  it  was  only  after  a  successful 
day  of  observations  on  Mount  Whitney  that  Mr.  Abbot  felt  sure  that  it  could  be 
successfully  operated  there.  In  view  of  the  later  experience  with  it  in  Algeria,  he 
now  regards  it  as  due  only  to  wonderfully  good  fortune  that  he  succeeded  in  the 
observations  of  1909  and  1910  on  Mount  Whitney,  when  the  apparatus  had  to  be 
set  up  and  adjusted  within  a  single  week,  and  without  expert  assistance,  on  each 
occasion. 

To  meet  jointly  the  conditions  of  greater  ease  of  transportation  and  greater 
transmissibility  for  the  ultra-violet  spectrum,  the  spectrobolometer  was  arranged  to 
follow  the  sun  instead  of  being  fed  by  a  coelostat,  as  at  Mount  Wilson.  The  instru¬ 
ment  (see  pis.  5,  6,  and  7)  presented  the  appearance  of  a  telescope  of  5  meters’  focus, 
but  was  in  fact  a  spectroscope  mounted  equatorially  in  an  English-type  fork,  driven, 
like  the  Lick  Observatory  eclipse  apparatus,  by  a  weight  at  the  end  of  a  long-armed 
sector.  The  descent  of  the  weight  was  regulated  by  its  being  caused  to  drive  an 
astronomical  clock.  This  means  of  driving  the  spectrobolometer  has  ever  proved 
not  only  simple  and  cheap  but  sufficiently  accurate. 

The  slit,  at  the  upper  end  of  a  steel  tube  3  meters  in  length,  was  provided 
with  a  sliding  shutter  and  three  sliding  grill  diaphragms,  adapted,  respectively, 
to  close  the  slit  or  to  diminish  its  effective  height.  These  four  sliders  were  held 
open  by  springs  unless  closed  by  cords.  Thus  the  observer  could  interpose  the 
shutter  to  give  the  zero  of  radiation,  or  could  reduce  the  intensity  of  the  beam 
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Plate  IV. 


Smithsonian  Observer’s  Shelter  on  Mount  Whitney,  Cal. 


1.  Pack  train  with  building  materials  and  boxed  apparatus  near  southwest  corner  of  incomplete 

building. 

2.  View  from  northeast  corner  after  snowfall. 
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Plate  V. 


Observing  Station  on  Mount  Whitney. 


1.  Observer’s  quarters, 
t 

t 

2.  Spectrobolometer.  f 

Pyrheliometer. 

t 

Galvanometer  room. 

Sky  radiation  bolometer. 

ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


33 


as  required  to  regulate  the  deflection  of  the  galvanometer  to  suit  the  width  of  the 
photographic  recording  plate. 

Figure  1  shows  the  plan  of  the  spectrobolometer.  The  prism  was  of  quartz, 
cut  by  Brashear,  with  the  optic  axis  parallel  to  rays  making  equal  angles  with  the 
two  prism  faces.  The  quartz  was  secured  by  Director  Abbot  in  North  Carolina, 
and  selected  by  him  from  among  a  large  number  of  crystals  of  the  size  of  a  man’s 
head  or  larger  used  to  form  a  border  around  the  flower  beds  of  the  owner.  Unfor¬ 
tunately,  all  the  crystals  seen  there  were  a  little  smoky  and  slightly  striated 
within.  It  would  have  been  advantageous  if  samples  of  right  and  left  handed 
quartz  could  have  been  combined  after  Cornu’s  manner,  so  as  to  avoid  the  impurity 
of  the  spectrum  due  to  rotary  polarization,  but  the  quartz  for  this  purpose  could 
not  be  found.  One  regrets  that  most  of  the  good  optical  quartz  in  the  world  has 
been  carved  into  spheres  and  curious  goblets  to  grace  the  royal  museums,  where 
glass  would  present  quite  the  same  appearance,  and  would  have  been  much  easier 
to  work. 

!— - 1 - 330  C  M 
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Fig.  1.— Ground  plan  of  spectrobolometer  used  at  Mount  Whitney  and  at  Bassour,  Algeria, 
a,  Driving  spring;  bi,  b2,  euzee;  c,  d,  driving  gears;  f,  g,  h,  escapement  gears;  k,  electrical  escapement;  e,  driving  screw;  1,  tangent  arm;  g, 
prism;  p,  plane  mirror;  m,  objective  mirror;  n,  bolometer;  o,  eye  piece;  r,  slit;  s,  shutter;  ti,  t2,  t3,  rotating  sector  diaphragms. 

The  two  mirrors  were  of  magnalium.1  They  comprised  31  per  cent  magnesium, 
69  per  cent  aluminum.  The  metal  employed  polished  very  readily,  but  with  a 
somewhat  pitted  surface,  so  that  a  considerable  amount  of  stray  light  occurred 
in  the  spectrum. 

As  the  spectroscope  followed  the  sun  it  was  inconvenient  to  drive  both  the 
prism  and  the  photographic  record  plate  by  a  single  mechanism.  Hence  the  tangent 
screw  which  moved  the  long  prism-driving  arm  was  rotated  by  a  spring-driven 
clockwork,  governed  by  an  electrical  escapement  operating  intermittently  in  strictly 
regulated  attendance  on  the  descent  of  the  recording  plate  in  the  plate  carrier. 
The  spectrum  moved  by  steps  at  the  rate  of  about  3.7  steps  per  second,  and  the 
whole  motion  of  the  spectrum  comprised  about  1,800  steps.  Single  steps  were  indis¬ 
tinguishable  in  the  bolographs,  which  looked  as  if  taken  with  continuous  driving 
motion.  A  very  nice  adjustment  of  the  electrical  escapement  was  found  nec¬ 
essary  in  order  that  it  should ,  neither  race  at  the  start  nor  stop  before  the  end, 
owing  to  unequal  tension  of  the  driving  spring.  However,  it  was  made  to  work 


1  The  metal  was  prepared  by  the  kindness  of  Dr.  E.  Blough,  chief  chemist,  Nationa’  Aluminum  Co.  of  America. 
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pretty  well  on  Mount  Whitney,  with  occasionally  a  little  judicious  pressure  of  the 
hand  on  the  winding  wheel  to  help  or  oppose  the  spring.  When  working  well 
there  was  a  very  businesslike  encouraging  sound  in  the  “ker-click,  ker-click”  of 
the  escapement,  tending  to  raise  the  observer’s  spirits  when,  in  the  depressing 
chill  of  early  morning  on  Mount  Whitney,  he  was  anxiously  considering  which  of 
fifty  different  things  he  had  perhaps  neglected,  or  were  going  wrong  of  themselves. 

(2)  THE  BOLOMETER. 

The  bolometer  proper,  constructed  from  Wollaston  wire,  had  platinum  tapes 
0.08  millimeters  wide,  12  millimeters  long,  and  of  about  4  ohms  resistance.  Two 
balancing  coils  of  manganin  wire  of  10  ohms  each  were  wound  close  behind  the 
bolometer  on  its  support.  One  coil  included  a  little  copper  wire  as  a  means  of 
preventing  drift  due  to  temperature  changes.  Exact  adjustment  of  the  bridge 
was  effected  by  means  of  a  variable  resistance  of  about  3,000  ohms  situated  in 
the  galvanometer  room,  and  connected  as  a  shunt  about  one  of  the  manganin 
coils.1  A  battery  current  of  about  0.1  ampere  (or  0.05  ampere  in  each  bolometer 
tape)  was  employed.  Six  Edison  type  Q  primary  cells  were  used,  but  proved 
less  constant  for  the  purpose  than  storage  cells.  The  electrical  escapement  of 
the  spectroscope  was  operated  by  12  dry  cells.  These,  too,  proved  unsatisfactory.2 

(3)  THE  GALVANOMETER  AND  PLATE  CARRIER. 

The  galvanometer  and  plate  carrier  occupied  a  small  stone  shelter  shown  in 
plate  5,  figure  2.  A  beam  of  sunlight  for  recording  was  reflected  through  a  crevice 
of  the  south  wall  by  a  small  coelostat.  The  galvanometer  was  a  four-coil  instru¬ 
ment  described  in  these  Annals,  Volume  I,  Plate  XV,  pages  244-252.  By  placing 
it  so  that  the  plane  of  its  needles  and  coils  was  parallel  to  the  magnetic  meridian, 
and  carefully  astaticising  the  needle  system  so  that  the  mirror  faced  front  and  the 
natural  time  of  swing  exceeded  the  time  of  swing  employed  in  taking  holographs, 
the  sensitiveness  could  be  and  was  controlled  by  a  single  small  overhead  magnet, 
and  was  strictly  uniform  over  the  whole  scale  in  the  1909  work.  In  1910  the 
galvanometer  was  slightly  more  sensitive  relatively  for  small  deflections  than  for 
large  ones,  but  the  difference  was  so  small  as  to  be  negligible. 

The  plate  carrier  comprised  a  rectangular  boxlike  frame  of  brass  tubes  with  a 
zinc  covering.  Two  tubes  were  adapted  for  guides,  on  which  the  plate  holder 

1  We  are  now  accustomed  to  use  this  shunt  method  of  balancing  for  all  our  bolometric  apparatus  except  that  on 
Mount  Wilson.  There  are  three  decided  advantages  in  the  shunt  method  over  a  slide  wire  adjustment — first,  that 
there  are  no  irregularities  of  balancing  due  to  changing  contact  resistances;  second,  that  the  sensitiveness  of  the  bolo¬ 
metric  apparatus  and  the  degree  of  uniformity  of  the  galvanometer  scale  may  be  determined  at  all  times  by  observing 
the  galvanometer  deflections  produced  by  determined  resistance  changes;  third,  that  the  galvanometer  light  spot 
may  be  slightly  moved  without  using  a  control  magnet. 

2  Storage  cells  were  omitted  from  the  outfit  on  account  of  weight.  If  an  expedition  of  only  two  weeks’  duration 
were  to  be  made  over  again,  storage  batteries  would  certainly  be  included,  and  all  primary  cells  omitted.  If  the 
expedition  continued  longer,  primary  cells  to  charge  the  storage  cells  would  be  taken  also. 
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could  slide  vertically  about  60  centimeters,  or  the  length  of  the  plates.  The  com¬ 
bined  weight  of  the  plate  and  plate  holder  was  supported  by  a  brass  ribbon  which 
passed  up  through  the  top  of  the  zinc  box  and  served  to  drive  a  clockwork  above, 
which  regulated  the  rate  of  fall  of  the  plate.  The  rotation  of  a  cam  on  this  clockwork 
made  contacts  with  mercury  in  a  cup,  and  thereby  actuated  the  electrical  escape¬ 
ment  of  the  spectrobolometer.  It  was  of  no  influence  on  the  relative  motions  of 
the  prism  and  the  plate  whether  the  rate  of  motion  of  the  plate-driven  clock  was 
uniform  or  not. 

Four  principal  defects  in  this  spectrobolometric  outfit  revealed  themselves  in 
the  Mount  Whitney  observations:  (1)  The  variability  of  the  reduction  factors  for 
the  grill  diaphragms  at  the  slit,  depending  on  the  adjustment  of  the  apparatus. 
(2)  Poor  definition  of  the  spectroscope,  owing  to  a  wide  slit,  and  the  rotary  polari¬ 
zation  effect  of  the  quartz  prism.  (3)  Difficulty  in  adjusting  the  electrical  escape¬ 
ment  to  work  at  all  times.  (4)  A  drift  of  the  bolometer  depending  on  the  zenith 
distance.  It  is  to  be  supposed  that  the  relative  convection  from  the  two  electrically 
heated  bolometer  strips  depended  on  whether  one  was  nearly  beneath  the  other, 
or  not.  Hence,  as  the  instrument  followed  the  sun,  and  their  relative  situations 
changed,  the  relative  temperatures  of  the  two  strips  may  well  have  altered,  and 
produced  the  drift  noted.  However,  all  four  of  these  principal  defects,  combined 
with  other  minor  ones,  did  not  prevent  the  attainment  of  tolerably  satisfactory 
observations. 

(4)  PYRHELIOMETERS. 

In  1909  copper-disk  pyrheliometer  No.  VI  was  used  on  Mount  Whitney. 
Unfortunately  it  fell  from  the  pack  animal  twice  on  the  way  up,  and  though  not 
broken,  had  to  have  its  thermometer  reinserted  on  Mount  Whitney,  so  that  the 
calibration  made  on  Mount  Wilson  before  the  expedition  started  was  lost.  But 
Director  Abbot  carried  the  pyrheliometer  in  his  hand  all  the  way  down  the  moun¬ 
tain  and  succeeded  in  getting  it  back  to  Mount  Wilson  in  perfect  condition,  so  that 
its  constant  was  determined  satisfactorily  after  his  return. 

In  1910  silver-disk  pyrheliometer  A.  P.  O.  9  was  used.  It  also  fell  twice  on 
the  way  up  but  with ,  not  from ,  the  animal.  On  the  second  fall  the  animal  was 
killed,  but  fortunately  the  pyrheliometer  escaped  harm. 

The  time  was  determined  in  1909  by  aid  of  all  the  watches  of  the  company. 
In  1910  a  vertical  iron  rod  was  set  up  in  Portland  cement  on  the  first  day  at  the 
summit,  and  at  noon  by  the  corrected  watch  time  the  position  of  its  shadow  was 
marked.  On  each  succeeding  day  the  watch  time  when  the  shadow  crossed  the 
mark  was  noted,  and  on  the  first  opportunity  after  returning  to  town  the  watch 
correction  was  determined  from  the  standard  time  service.  From  all  these  obser¬ 
vations  the  watch  corrections  were  deduced. 
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STATION  AT  BASSOUR,  ALGERIA. 

Observations  at  other  stations  having  indicated  the  variability  of  the  sun,  it 
became  very  desirable  to  test  this  result  by  making  daily  observations  at  Mount 
Wilson  and  at  a  second  station  so  far  removed  from  Mount  Wilson  that  local  atmos¬ 
pheric  influences  could  not  be  supposed  to  affect  results  at  both  stations  in  the  same 
way  simultaneously.  A  proposed  expedition  to  Mexico  in  1911  having  been  pre¬ 
vented  by  the  Mexican  civil  war,  it  was  decided  to  select  a  station  in  Algeria.  Arrived 
at  Algiers  in  July,  1911,  Director  Abbot  was  advised  by  Director  Gonessiat  of  the 
observatory  at  Algiers  to  locate  the  station  on  the  plateau  south  of  Medea.  By 
the  kind  permission  of  Monsieur  P.  de  Mestral,  director  of  the  farm  school  Roudil, 
near  Ben  Chicao,  the  apparatus  was  set  up  on  a  hill  near  the  hamlet  called  Bassour, 
and  the  observers  occupied  as  quarters  a  stone  dwelling  in  Bassour  belonging  to  the 
school.  The  expedition  returned  to  the  same  station  in  1912. 

There  is  little  rain,  comparatively  few  clouds,  and  generally  not  rapid  changes  in 
humidity  in  this  region  from  June  to  November,  and  on  many  days  the  sky  is  very 
clear.  During  the  stay  of  the  expeditions,  however,  about  half  of  the  days  were 
found  too  cloudy  for  solar-constant  observing,  so  that  the  experience  of  August  to 
November  in  1911,  and  of  June  to  September  in  1912,  would  not  indicate  that  the 
region  is  altogether  suitable  for  a  permanent  solar-constant  observing  station. 
The  nights  were  found  to  be  less  cloudy  than  the  days. 

The  station  at  Bassour  (pi.  6,  fig.  1,  2)  occupied  approximately — latitude,  36° 
13'  N.;  longitude,  2°  51'  30"  E.;  altitude,  1,160  meters. 

The  apparatus  employed  was  the  same  used  on  Mount  Whitney,  improved  as 
follows : 

( 1)  Storage  batteries  were  used  for  the  bolometer  and  the  driving  mechanism. 
To  charge  these  from  time  to  time  50  cells  of  Edison  type  Q  primary  battery  were 
employed.  (2)  Rotating  sectors  (pi.  7,  fig.  2)  were  substituted  for  grill  diaphragms 
at  the  slit.1  (3)  The  prism-driving  spring  was  made  to  operate  by  a  fusee  mech¬ 
anism  (see  fig.  1  of  text  and  pi.  7,  fig.  1)  instead  of  directly,  so  that  there  was  a 
nearly  constant  force  instead  of  a  variable  one  to  be  governed  by  the  electrical 
escapement.  This  was  a  valuable  improvement.  (4)  As  there  was  noted  a  throw 
of  the  galvanometer  at  each  click  of  the  electrical  escapement,  a  relay  of  400  ohms 
resistance  was  interposed  in  the  circuit,  so  that  considerable  electrical  currents  no 
longer  came  to  the  plate  carrier,  and  thus  near  the  galvanometer.  This  overcame 
the  trouble  except  in  November,  1911,  when  the  insulation  of  the  circuits  became 
bad  after  heavy  rains.  (5)  Three  fine  wires  were  suspended  from  the  plate  carrier 

1  Here  a  very  curious  phenomenon  occurred.  When  the  electric  motor  (to  which  the  sector  pulleys  were  belted 
by  rubber  bands)  reached  a  certain  speed,  there  was  produced  a  change  of  zero  of  the  galvanometer  of  about  1  centi¬ 
meter.  Above  this  critical  speed  the  zero  returned  to  its  former  position  until  a  second  critical  speed  was  reached  with  a 
second  displacement  of  zero.  The  defect,  which  seems  to  have  been  associated  with  sonorous  resonance,  was  cured 
by  supporting  the  motor  by  rubber  bands  instead  of  by  its  brass  mounting. 
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Plate  VI. 


Observing  Station  at  Bassour,  Algeria. 

1.  Mr.  Angstrom,  his  quarters,  galvanometer  room,  and  apparatus. 

2.  Mr.  Abbot,  the  spectrobolometer  and  pyrheliometers. 
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Plate  VII, 


Details  of  Spectrobolometer  at  Bassour. 

1.  Shows  bolometer,  plane  mirror,  and  driving  mechanism. 

2.  Shows  slit  and  rotating  sector  diaphragms. 
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clock  and  weighted  so  as  to  descend  vertically  at  the  same  speed  as  the  plate.  Elec¬ 
trical  contacts  were  made  with  these  wires,  so  that  any  or  all  of  them  might  be 
introduced  in  parallel,  if  desired,  to  form  part  of  the  shunt  resistance  used  to  bal¬ 
ance  the  bolometer.  Hence  as  the  plate  descended  and  the  length  of  these  wires 
in  the  circuit  became  less  and  less,  a  regular  drift  was  introduced  opposite  to  the 
drift  caused  by  the  motion  of  the  spectrobolometer  as  it  followed  the  sun.  It  was 
found  that  in  the  early  morning  when  the  sun  was  low  the  rate  of  drift  was  too  slow 
to  need  correction.  At  about  8  o’clock  the  three  wires  in  parallel  were  introduced. 
At  about  9  o’clock  two  were  needed.  At  10  o’clock  one  only,  producing  a  contrary 
drift  of  a  centimeter  a  minute,  would  barely  suffice  to  keep  the  light  spot  within 
reasonable  bounds.  This  contrivance  proved  indispensable  at  Bassour,  for  the 
drift  there,  due  to  following  the  sun,  was  much  greater  than  that  found  on  Mount 
Whitney.  (6)  An  ultra-violet  crown  glass  prism  by  Zeiss,  of  Jena,  Germany, 
was  substituted  for  quartz.  Two  speculum  metal  mirrors  by  Brashear  were 
substituted  for  magnalium.  The  slit  was  somewhat  narrowed.  These  changes 
greatly  improved  the  definition  of  the  spectroscope.  (7)  In  1912  the  rate  of  driving 
of  the  spectroscope  relatively  to  the  plate  was  reduced.  This  still  further  improved 
the  holographic  definition,  and  improved  the  accuracy  of  measuring  the  plates. 
(8)  Means  of  adjusting  by  slow  motion  of  the  equatorial  in  right  ascension  were 
introduced  in  1912.  This  slightly  improved  the  accuracy  of  following,  especially 
on  windy  days.  (9)  In  1912  various  other  small  modifications  of  the  apparatus 
tending  to  improve  the  motion  of  running  parts,  or  to  increase  the  accuracy  of  adjust¬ 
ments,  were  introduced. 
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Chapter  III. 


IMPROVEMENTS  AND  TESTS  OF  SOLAR-CONSTANT  METHODS  AND 

APPARATUS. 

In  order  to  grasp  the  statements  to  be  given  in  this  chapter,  the  reader  should 
refer  not  only  to  the  two  preceding  chapters  but  also  to  these  Annals,  Volume  II, 
Part  I,  where  the  process  of  solar-constant  determination  was  fully  and  critically 
described.  Experience  has  pointed  out  some  modifications  necessary  to  greater 
accuracy,  and  some  short  cuts  to  save  computing,  but  in  the  principal  things  the 
process  stands  unchanged  since  1907. 

1.  CORRECTIONS  FOR  ENERGY  OF  THE  SOLAR  SPECTRUM  NOT  OBSERVED. 

(a)  IN  THE  ULTRA-VIOLET  SPECTRUM. 

Prior  to  1908  we  were  misled  to  believe  that  the  solar  energy  of  less  wave 
length  than  0.37  p  was  not  more  than  1  or  2  per  cent  of  the  total.  We  had  under¬ 
estimated  the  effects  of  decreasing  transparency  and  increasing  dispersion  of  our 
great  flint-glass  prism.  In  the  latter  part  of  the  year  1908  we  recognized  this  when 
we  began  to  push  the  determinations  of  the  transmission  of  the  spectroscope  to 
the  furthest  possible  point  in  the  ultra-violet.  Accordingly  an  ultra-violet  crown- 
glass  prism  was  ordered  for  the  work.  Mount  Wilson  holographs  of  1908,  extending 
to  the  wave  length  of  transparency  of  silver  (about  0.33  y)  showed  that  there  was 
much  more  solar  energy  in  the  ultra-violet  spectrum  than  we  had  supposed.  The 
work  on  Mount  Whitney  of  1909  and  1910,  extending  as  far  as  wave  length  0.29  (i , 
made  with  quartz  and  magnalium  spectroscopic  apparatus  capable  of  transmitting 
still  shorter  wave  lengths,  showed  bolographically  for  the  first  time  the  complete 
extension  of  the  solar  spectrum,  and  enabled  us  to  fix  more  correctly  the  allowances 
to  be  made  in  the  ultra-violet  for  Mount  Wilson  and  Bassour  conditions. 

These  allowances  are  computed  from  the  form  of  the  solar  spectrum  energy 
curve  outside  the  atmosphere  as  determined  from  observations  made  on  Mount 
Whitney.  The  allowances  at  air  masses  other  than  zero  are  obtained  by  means  of 
atmospheric  transmission  coefficients  (estimated  for  the  shortest  wave  lengths  by 
extrapolation)  observed  at  Mount  Wilson  and  Bassour.  In  making  this  extrapo¬ 
lation  for  short-wave  rays  from  the  observed  atmospheric  transmission  coefficients 
at  Mount  Wilson  and  Bassour,  corrections  were  made  for  the  apparent  effect  of 
stray  light  from  the  more  intense  parts  of  the  spectrum.  While  subject  to  rather 
great  fractional  uncertainty,  the  whole  allowances  are  so  small  relatively  to  the 

39 


40 


ANNALS  OP  THE  ASTKOPHYSICAL  OBSERVATORY. 


solar  constant  that  their  uncertainty  is  believed  to  be  negligible.  It  was  found 
that  the  allowances  could  best  be  expressed  as  a  function  of  the  area  of  a  portion 
of  spectrum  next  adjoining  the  part  to  be  allowed  for.  The  result  of  the  investi¬ 
gation  of  ultra-violet  allowances  was  expressed  graphically  in  a  curve  called  the 
ultra-violet  correction  curve. 

(b)  IN  THE  INFRA-RED  SPECTRUM. 

The  allowance  for  the  infra-red  we  still  retain  as  formerly. 

The  following  examples  indicate  the  method  employed  and  the  magnitude  of 
the  ultra-violet  and  infra-red  allowances : 

OBSERVATIONS  OF  SEPTEMBER  5,  1912,  AT  MOUNT  WILSON. 

For  ultra-violet  correction  at  earth’s  surface  (holograph  IV) : 

At  A-  =  0.3504  the  measured  area  was  1.68  cm.  This  multiplied  by  the  factor  for  transmis¬ 
sion  of  apparatus  becomes  34.  From  the  ultra-violet  correction  curve  the  corresponding  factor 
is  2.12.  34  X  2.12  =  72,  which  is  the  ultra-violet  correction. 

For  infra-red  correction  at  earth’s  surface  (same  holograph  IV) : 

The  area  of  the  holograph  beyond  A.  =  2.0  /*  corrected  for  instrumental  absorption  is  426. 

This  area  (426)  multiplied  by  three-tenths  =  128,  which  is  the  infra-red  correction. 

For  ultra-violet  correction  outside  atmosphere: 

Multiply  extrapolated  area,  2  =  17676,  by  .0158  =  279  =  ultra-violet  correction. 

For  infra-red  correction  outside  atmosphere : 

Multiply  same  2  =  17676  by  .0055  =  97,  which  is  the  infra-red  correction.1 

(c)  EFFECT  OF  INCORRECT  ALLOWANCES  IN  FORMER  REDUCTIONS. 

In  order  to  determine  how  great  may  probably  have  been  the  errors  of  the 
Mount  Wilson  solar-constant  values  of  1905-6  due  to  incomplete  ultra-violet  allow¬ 
ances,  Miss  Graves  has  twice  computed  the  solar  constant  for  six  days  of  1909, 
first  including  all  the  spectrum  observed  with  the  ultra-violet  glass-prism  apparatus, 
and  applying  a  correction  determined  from  Mount  Whitney  observations  for  rays 
still  further  in  the  ultra-violet;  second,  employing  only  the  spectrum  region  included 
in  1905-6  with  the  same  corrections  for  the  ultra-violet  used  in  computing  for 
Volume  II  of  the  Annals.  Her  results  follow.  They  give  the  ratio  of  the  value  of 
the  solar  constant  derived  by  the  first  method  to  that  derived  by  the  second. 


Date . 

June  20. 

July  11. 

July  13. 

July  14. 

Aug.  11. 

Sept.  2. 

Mean. 

Ratio. . 

1. 005 

0. 992 

1. 020 

1. 004 

1. 007 

0.  996 

1. 004 

From  these  results  it  appears  that,  although  an  important  part  of  the  spectrum 
was  neglected  in  1905  and  1906,  the  neglect  caused  almost  no  change  in  the  results. 
This  paradox  is  easily  explained  as  follows  under  (d) : 

1  The  infra-red  corrections  given  in  the  illustrative  example  of  Chapter  I  include  the  area  at  A=2.4424  /u  which  was 
estimated,  not  measured  on  this  day. 
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(d)  THE  ULTRA-VIOLET  CORRECTIONS  AND  APPARENT  CHANGES  OF  SENSITIVENESS  OF  THE 

SPECTROBOLOMETER. 

An  unsatisfactory  element  of  the  1905  and  1906  determinations  was  the  large 
correcting  factors  depending  on  comparison  of  bolometry  and  pyrheliometry 
introduced  because  of  supposed  changes  in  the  sensitiveness  of  the  spectrobolo- 
meter.1  These  correction  factors  changed  daily  in  the  sense  to  increase  relatively 
the  ordinates  of  bolographs  taken  at  high  sun.  Now  it  is  apparent  that  since  the 
ultra-violet  spectrum  increases  more  rapidly  in  intensity  with  increasing  solar 
altitude  than  does  the  rest  of  the  spectrum,  the  neglect  of  it  tended  to  make  the 
areas  of  bolographs  too  small  at  high  sun  as  compared  with  low.  This  defect 
caused  and  was  corrected  by  the  increase  of  correcting  factors  at  high  sun,  just 
alluded  to.  Now  that  the  ultra-violet  spectrum  is  properly  allowed  for  the  average 
daily  range  of  the  correcting  factors  for  Mount  Wilson  bolographs  has  decreased 
from  about  6  per  cent  in  1905-6  to  3  per  cent  in  1911-12. 

For  Bassour  the  correcting  factors  are  still  large,  but  for  another  reason.  The 
spectrobolometer  at  Bassour  was  pointed  directly  at  the  sun  and  hence  the  bolo¬ 
meter  tapes  lay  in  different  positions  at  different  times  of  the  day.  It  is  to  be 
supposed  that  if  the  tapes  lie  vertically  they  will  be  bathed  quite  differently  by 
convection  currents  of  air  from  the  condition  prevailing  when  they  lie  horizontally. 
Hence  changes  in  their  cooling  by  convection  must  alter  their  rise  of  temperature 
due  to  exposure  to  radiation,  and  with  it  the  galvanometer  deflection  will  change 
also. 

2.  PROPORTIONALITY  OF  GALVANOMETER  DEFLECTIONS. 

In  1905-6  little  attention  was  paid  to  the  uniformity  of  the  sensitiveness  of 
the  galvanometer  for  different  parts  of  its  scale.  In  1908,  attention  being  drawn 
to  this,  many  experiments  were  made  to  overcome  the  nonuniformity.  The  gal¬ 
vanometer  was  set  in  various  azimuths,  the  needle  system  hung  in  various  positions 
relative  to  the  coils,  and  other  schemes  were  resorted  to.  Two  changes  proved 
necessary  and  sufficient  to  remove  all  appreciable  inequalities  of  sensitiveness. 
First,  the  astaticism  of  the  needle  system  was  so  far  improved  that  the  mirror  hung 
naturally  facing  the  scale,  the  needles  lying  parallel  to  the  earth’s  magnetic  meridian, 
and  the  time  of  swing  exceeding  the  time  required  for  holographic  work.  In  such 
circumstances  a  single  overhead  magnet  placed  parallel  to  the  earth’s  field  is  suffi¬ 
cient  for  regulating  the  position  and  time  of  swing  of  the  needle  system.  The  use 
of  magnets  both  above  and  below  may  cause  nonuniformity  of  scale.  Second, 
the  scale  and  coils  were  placed  parallel  to  the  earth’s  magnetic  field,  and  the 
recording  light  was  reflected  to  the  galvanometer  mirror  from  such  a  direction  that 
the  magnet  system  also  lay  parallel  to  the  earth’s  field  when  the  light  spot  fell 
centrally  on  the  scale. 


1  See  Annals,  Vol.  II,  pp.  56,  77. 
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In  such  circumstances  the  Mount  Wilson,  Mount  Whitney,  and  Bassour  gal¬ 
vanometers  have  ever  since  1908  exhibited  a  satisfactory  uniformity  of  sensitive¬ 
ness  throughout  their  20-centimeter  long  scales,  and  for  some  distance  beyond 
on  either  end. 

3.  BALANCING  THE  BOLOMETER. 

The  complicated  system  of  slide  wires  shown  in  Annals,  Volume  II,  Plate 
VIII,  has  been  advantageously  displaced  at  Mount  Whitney  and  Bassour  by  an 
ordinary  dial  resistance  box,  variable  to  10,000  ohms,  used  as  a  shunt  for  one 
balancing  coil  of  the  bolometer.  At  Bassour  a  resistance  of  about  3,800  ohms 
was  used  in  the  shunt  day  after  day.  The  sensitiveness  of  the  apparatus  and 
the  uniformity  of  the  galvanometer  scale  could  be  tested  at  will  with  this  arrange¬ 
ment.  Also  the  light  spot  could  be  moved  on  the  scale  without  touching  the  control 
magnet. 

4.  CORRECTION  FOR  WATER  VAPOR  BANDS. 

When  determining  the  areas  of  bolographs,  we  take  the  sum  of  the  equally 
spaced  ordinates  of  the  smooth  curves.  In  this  way  we  obtain  areas  exceeding 
the  true  ones  by  the  sum  of  the  areas  of  the  atmospheric  bands.  These  latter 
must  be  measured  and  subtracted.  For  a  long  time  we  did  this  by  the  aid  of  cross- 
section  paper,  but  it  was  a  rather  tedious  process,  and  liable  to  mistakes  and  to 
errors  when  one  or  more  of  the  bands  were  marred  by  the  insertion  of  the  shutter, 
or  by  some  other  circumstance. 

Mr.  Fowle  found  in  1912  a  quicker  and  more  accurate  way.  In  a  large  number 
of  bolographs  he  determined  the  ratio  obtained  by  dividing  the  minimum  ordinate 
in  p  or  <p  by  the  corresponding  ordinate  of  the  smooth  curve.  For  each  of  these 
bolographs  the  areas  of  the  water  vapor  bands  were  also  measured  with  extreme 
care.  They  were  reduced  to  a  constant  scale  by  dividing  each  area  by  a  number 
representing  the  ratio  of  the  smooth  curve  ordinate  at  p  to  10  centimeters.  Each 
area  was  also  multiplied  by  the  average  spectroscopic  transmission  factor  found 
to  prevail  at  its  spectral  position.1  The  sums  of  the  band  areas  so  corrected  were 
then  used  as  abscissae  and  the  ratios  of  the  band  ordinates  at  p  and  g>  as  ordinates 
of  empirical  curves.  It  was  found  that  all  the  observations  were  well  represented 
by  such  empirical  curves,  so  that  if  one  knows  the  minimum  and  smooth  curve 
ordinates  at  p  or  cp  he  may  from  the  empirical  curve  immediately  obtain  the  sum 
of  the  areas  of  all  the  water  vapor  bands  of  the  holograph  within  a  probable  error 
of  about  1  per  cent,  or  about  0.1  per  cent  of  the  total  area  of  the  bolometric  curve.2 
The  oxygen  bands  a  and  A  and  the  bands  %  and  «2  were  found  to  be  so  nearly 
constant  in  their  area  and  so  small  in  its  sum  total  that  they  can  be  well  enough 

1  Thereafter  these  spectroscopic  transmission  factors  (which  fortunately  change  little  from  time  to  time  in  the 
infra-red  spectrum)  were  adopted  for  these  positions  for  all  bolographs. 

2  This  0.1  per  cent  holds  for  Mount  Wilson.  There  is  a  probable  error  of  about  2  per  cent,  or  about  0.3  per  cent  of 
the  total  area  of  the  bolometric  curve  for  Bassour. 
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allowed  for  by  a  constant  correction.  If  a  spectroscope  of  different  purity  should 
be  used  a  change  in  the  empirical  curve  would  be  required.  Accordingly  the  Bassour 
holographs  had  to  have  independent  empirical  curves  prepared  for  them.  But 
it  is  found  by  repeated  trials  that  no  hurtful  changes  in  purity  occurred  in  a  single 
season  either  at  Mount  Wilson  or  Bassour.  It  is  believed  that  a  substantial  gain 
in  accuracy  as  well  as  saving  in  time  results  from  the  new  method. 

5.  SECONDARY  WATER-VAPOR  CORRECTION. 

Our  solar  constant  results  should  be  independent  of  the  quantity  of  the  water 
vapor  prevailing  at  the  time  the  observations  were  made.  About  a  year  ago 
Mr.  Fowle  found  that  this  was  not  strictly  true.  At  that  time  he  was  making 
determinations  of  the  quantity  of  precipitable  water  between  the  Mount  Wilson 
station  and  the  limit  of  the  atmosphere,1  and  he  found  that  the  solar  constant 
results  of  1910,  when  taken  in  groups  of  considerable  number,  chosen  with  refer¬ 
ence  to  the  quantity  of  the  precipitable  water  prevailing,  showed  a  slight  increase 
in  the  average  value  of  the  solar  constant  of  radiation  corresponding  to  decreasing 
water- vapor  contents  of  the  atmosphere. 

As  the  process  employed  by  Mr.  Fowle  requires  a  considerable  preliminary 
computation  to  fit  it  to  the  purity  of  the  spectrum  employed,  which  up  to  this  time 
we  have  not  been  able  to  find  time  to  make  for  the  case  of  the  great  flint-glass 
prism,  a  process  has  been  devised  for  correcting  the  earlier  observations  at  Wash¬ 
ington  of  1902-1907  and  Mount  Wilson  of  1905,  1906,  1908,  and  1909,  by  means 
of  the  data  derived  from  observations  with  the  wet  and  dry  thermometers.  In 
brief,  the  observations  of  1905  and  subsequent  years  were  grouped  with  reference 
to  the  pressure  of  aqueous  vapor  prevailing  at  the  station.  For  instance,  between 
vapor  pressure  0  and  2  millimeters  would  be  found  a  certain  number  of  solar  con¬ 
stant  values  whose  mean  was  determined,  and  so  on  for  the  groups  corresponding 
to  vapor  pressures  of  2  to  4  millimeters,  4  to  6,  6  to  8,  8  to  10,  and  from  10  to 
the  greatest  observed.  The  results  so  obtained  were  plotted  graphically,  average 
vapor  pressures  being  used  as  abscissae  and  average  solar  constant  values  as  ordi¬ 
nates.  It  was  found  for  each  year  that  there  was  a  slight  decrease  of  solar  constant 
values  corresponding  to  the  increase  of  vapor  pressure  of  water. 

The  results  of  the  different  years  were  found  to  be  in  comparatively  close 
accord,2  so  that  they  are  all  combined  in  the  plot  shown  in  the  accompanying 
figure  2.  The  weight  of  each  point  is  given  in  the  figure.  It  appears  that  the 
mean  solar  constant  values  for  the  several  groups  could  be  reduced  to  a  value  cor¬ 
responding  to  zero  water  vapor  by  adding  to  the  observed  value  of  the  solar 
constant  0.005  calories  for  each  1  millimeter  pressure  of  aqueous  vapor. 

1  See  Appendix. 

2  The  1909  observations,  while  they  show  the  same  trend  as  the  rest,  show  lower  solar  constant  values.  This  dif¬ 
ference  has  been  allowed  for  before  combining  them  with  1908  observations. 
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In  accordance  with  this  result,  all  the  separate  values  of  the  solar  constant 
obtained  in  the  years  1905,  1906,  1908,  and  1909  have  been  corrected  in  this 
manner  for  the  water  vapor  prevailing,  as  shown  by  the  readings  of  the  wet  and 
dry  thermometers.  The  preliminary  values  obtained  by  the  simple  application 
of  Bouguer’s  formula  to  the  spectrobolometric  observations  are  given  in  the 
tables  of  values  found  in  Chapter  IV.  In  addition  there  is  given  a  final  column 

Cal 


Fig.  2. — Secondary  water-vapor  correction  plot. 

Ordinates  are  solar  constant  values.  Abscissae  are  pressures  of  aqueous  vapor  in  millimeters  of  mercury. 

with  each  table,  in  which  the  correction  for  the  water  vapor  is  applied  as  has  just 
been  described. 

Although  this  correction  seemed  to  be  satisfactory  for  mean  results  of  many 
days  of  observation,  it  is  not  certain  that  it  is  satisfactory  for  individual  days 
of  observation.  The  results  of  the  humidity  measurements  are  very  local  in 
their  character  and  may  be  influenced  by  uncommon  moisture  of  the  ground  or 
the  surroundings  near  the  observing  station,  so  that  they  may  not  exactly  cor¬ 
respond  to  the  conditions  which  prevail  in  the  lower  atmosphere,  and  which  cause 
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the  slight  error  in  the  solar  constant  values  which  we  are  discussing.1  It  has 
seemed  to  us  that  the  method,  first  used  by  Mr.  Fowle,  of  determining  the  pre- 
cipitable  water  between  the  station  and  the  limits  of  the  atmosphere  gives  a 
fairer  index  of  the  quantity  of  water  vapor  to  be  considered  in  determining  the 
correction  to  be  employed.  Accordingly,  this  method  has  been  developed  for 
use  with  the  later  solar  constant  values. 

The  method  devised  by  Mr.  Fowle  for  determining  the  precipitable  water 
is  given  in  a  paper  published  by  him  in  1912.2  Correcting  plots  have  been  con¬ 
structed  by  Mr.  Fowle  for  1910  and  1911  separately,  using  mean  solar  constant 
values  grouped  with  reference  to  the  quantity  of  precipitable  water  prevailing. 
The  results  obtained  by  this  method  for  1910  agree,  for  the  groups  of  solar  con¬ 
stant  values,  very  closely  with  those  obtained  (using  the  constant  for  earlier  years) 
by  readings  of  the  wet  and  dry  thermometers;  but  some  of  the  individual  days 
are  found  to  yield  quite  different  corrections  for  the  solar  constant,  depending 
on  whether  the  method  of  correction  by  readings  of  the  wet  and  dry  thermometer 
or  by  quantities  of  precipitable  water  is  employed.  These  discrepancies  occur 
comparatively  seldom,  at  times  when  great  changes  of  water  vapor  take  place 
in  the  upper  water-bearing  atmospheric  strata  without  much  corresponding  change 
near  the  ground.  In  the  tables  given  in  Chapter  IV  the  method  by  precipitable 
water  is  used  for  the  later  years  of  solar  constant  values,  as  we  have  more  con¬ 
fidence  in  it  for  application  to  the  individual  days.  For  equal  quantities  of  atmos¬ 
pheric  water  vapor  the  correction  is  only  about  half  as  great  for  1911  and  1912 
(after  the  introduction  of  the  new  method  of  measuring  the  areas  of  water-vapor 
bands  in  holographs)  as  it  was  in  1910. 

The  magnitude  of  the  water-vapor  correction  for  Mount  Wilson  observations 
generally  is  less  than  1  per  cent,  but  occasionally  reaches  a  magnitude  of  2b  per 
cent.  In  the  comparisons  between  Mount  Wilson  results  and  those  of  Bassour 
for  the  purpose  of  detecting  the  variation  of  the  sun  it  was  thought  unwise  to 
correct  the  solar-constant  values  to  zero  water  vapor,  for  it  might  be  possible 
in  that  way  that  a  slight  error  might  be  introduced,  owing  to  the  uncertainty  of 
the  applicability  of  the  correction  for  the  individual  days.  Hence  the  corrections 
applied  were  of  a  magnitude  only  to  reduce  the  values  of  the  solar  constant  to 
those  corresponding  to  the  mean  conditions  prevailing  at  Bassour  and  Mount 
Wilson,  respectively.  The  mean  values  so  chosen  were  approximately  corre¬ 
sponding  to  14  and  7  millimeters  of  precipitable  water  in  the  atmosphere,  respec¬ 
tively. 

1  On  this  account  we  have  not  corrected  the  comparable  solar  constant  values  of  1911  and  1912,  taken  nearly  simul¬ 
taneously  at  Mount  Wilson  and  Bassour,  and  given  in  Chapter  V,  to  zero  water  vapor.  We  have  only  applied  the  much 
smaller  corrections  required  to  reduce  all  results  at  each  station  to  the  mean  prevailing  amount  of  water  vapor  for  that 
station. 

2  See  Astrophysical  Journal,  vol.  35,  p.  149,  1912.  The  paper  is  here  reprinted  in  the  Appendix. 
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6.  CORRECTION  FOR  ABSORPTION  OF  THE  SPECTROBOLOMETER. 

In  the  early  days  of  the  research  at  Washington  we  were  accustomed  to 
determine  the  reflecting  power  of  the  siderostat  mirror  on  each  day  of  observa¬ 
tion  and  the  transmission  of  the  spectroscope  nearly  as  frequently.  These  prac¬ 
tices  we  continued  in  1905  at  Mount  Wilson.  But  of  later  years  we  have  adopted 
an  easier  method.  We  have  assumed  that  the  form  of  the  solar-energy  spectrum 
curve  outside  our  atmosphere  is  known,  so  that,  if  multiplied  by  proper  factors 
for  the  transmission  of  the  atmosphere,  the  resulting  form  of  spectral  distribution 
must  be  the  one  to  which  each  holograph  would  conform  if  taken  with  a  spectro- 
bolometer  of  perfect  transmission.  Hence,  by  comparing  the  observed  holograph 
with  the  computed  form  of  distribution  we  obtained  instrumental  transmission 
factors  combining  the  influence  of  coelostat  and  spectroscope. 

This  method  makes  the  assumption  that  no  real  changes  of  the  spectral  dis¬ 
tribution  of  solar  energy  occur  sufficient  to  affect  appreciably  the  results  of  our 
computations  of  the  solar  constant.  To  test  this,  Miss  Graves  has  computed  the 
solar  constant  for  September  5,  1908,  making  two  widely  different  assumptions 
as  to  the  form  of  the  solar  energy  spectrum  curve.  Her  results  follow: 
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1, 105 
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Solar  constant :  First  result — 1.920.  Second  result — 1.934. 


The  two  results  differ  by  little  more  than  one-half  per  cent  and  in  the  opposite 
direction  to  that  which  we  should  have  expected,  so  that  their  difference  is  attribut¬ 
able  to  accidental  changes  made  in  graphical  and  numerical  reductions,  and  not 
to  the  two  different  forms  of  energy  curve  used. 

In  the  application  of  our  method  of  determining  the  spectrobolometer  trans¬ 
mission  factors,  we  must  know  the  transmission  of  the  atmosphere  for  the  day  in 
question.  We  have  been  accustomed  to  make  preliminary  determinations  of  the 
atmospheric  transmission  coefficients  at  about  12  spectrum  places  from  the  uncor¬ 
rected  bolographic  readings.  Such  a  procedure  has  been  numerically  illustrated  in 
Chapter  1.  Of  late,  however,  we  have  adopted  an  easier  way.  This  is  to  find  from 
work  already  completed  the  average  atmospheric  transmission  coefficients  at  all 
parts  of  the  spectrum  corresponding  to  various  values  of  the  apparent  atmospheric 
transmission  indicated  by  the  pyrheliometer  alone.  Knowing  these  relations,  we 
may  select  suitable  atmospheric  transmission  coefficients  at  the  separate  wave 
lengths  to  suit  the  pyrheliometry  of  the  day  in  question.  In  this  way  we  greatly 
shorten  the  labor  involved  and  sacrifice  nothing  in  accuracy. 
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7.  METHOD  OF  READING  PYRHELIOMETERS. 

Formerly,  as  indicated  in  these  Annals,  Volume  II,  page  38,  we  observed  the  pyr- 
heliometer  temperature  at  each  20  seconds  during  the  6  or  10  minutes  required  for 
a  single  complete  observation,  or  pair  of  them.  But  it  is  really  only  the  observations 
at  20,  120,  140,  240,  260,  360,  380,  480,  500,  and  600  seconds  of  an  interval  of  10 
minutes  which  are  definitive.  The  intermediate  readings  were  of  value  only  to 
enable  us  sometimes  to  correct  errors  in  these  critical  observations.  Such  errors 
occurred  so  seldom  that  we  found  ourselves  justified  in  omitting  all  readings  except 
those  at  the  critical  times  just  mentioned.  In  lieu  of  those  omitted,  and  to  the 
great  improvement  of  the  accuracy  and  rapidity  of  the  work,  we  have  attached  two 
pyrheliometers  to  a  single  stand,  and  are  accustomed  to  read  one  of  them  at  the  time 
intervals  above  stated,  the  other  being  read  60  seconds  later  at  every  stage.  Such 
a  series  is  given  in  illustration  in  Chapter  I.  Thus  in  7  minutes  we  get  two  com¬ 
plete  independent  pyrheliometric  determinations,  and  in  11  minutes,  if  we  like  to 
continue  so  long,  we  get  four  determinations. 

8.  IMPROVEMENTS  OF  SECONDARY  PYRHELIOMETERS. 

In  1906  we  substituted  a  copper  disk  (with  a  radial  hole  for  insertion  of  the 
thermometer)  for  the  copper  box  filled  with  mercury  which  we  had  at  first  employed. 
In  two  pyrheliometers  of  this  kind  we  used  fine  copper  filings  instead  of  mercury  to 
fill  the  space  between  the  thermometer  bulb  and  the  sides  of  the  hole.  These  pyr¬ 
heliometers,  “A.  P.  O.  VII”  and  “ A .  P.  O.  VIII,”  are  still  in  use,  but  we  have  never 
liked  them  as  well  as  others,  because  there  is  a  delay  of  nearly  10  seconds  in  their 
response  to  radiation,  while  the  mercury-filled  instruments  respond  almost  instantly. 
We  are  unable  to  find,  however,  that  the  delay  has  occasioned  appreciable  error. 

All  of  our  secondary  pyrheliometers  are  now  used  with  hand-driven  equato¬ 
rial  mountings  instead  of  the  simple  stands  (often  as  simple  as  discarded  tin  cans) 
which  we  at  first  used,  as  shown  in  Annals,  Volume  II,  Plate  X. 

9.  THE  SILVER-DISK  PYRH  ELIO  METER. 

In  1909  the  secondary  pyrheliometer  was  improved  by  the  design  of  the  silver- 
disk  instrument  shown  in  figure  3.  The  following  description  of  it  is  abridged 
from  Smithsonian  Miscellaneous  Collections,  volume  56,  No.  19: 

The  silver  disk,  a,  shown  in  cross  section,  is  bored  radially  with  a  hole  to  admit  the  cylin¬ 
drical  bulb  of  a  thermometer,  b.  The  hole  in  the  disk  has  a  thin  lining  of  steel,  so  that  a  small 
quantify  of  mercury  may  be  introduced  without  alloying  the  silver,  in  order  to  make  a  good  heat 
conduction  between  the  silver  disk  and  the  thermometer  bulb.  A  soft  cord  soaked  in  shellac 
is  forced  down  at  the  mouth  of  the  hole  to  prevent  the  escape  of  mercury,  and  a  ring  of  Chat- 
terton  wax  is  sealed  over  the  outside  of  the  cord  to  make  the  closure  more  perfect. 

The  thermometer,  b,  is  bent  at  a  right  angle,  as  shown,  in  order  to  make  the  instrument  more 
compact  and  less  fragile.  A  nickeled  brass  tube  (shown  partly  cut  away  in  the  figure)  supports 
and  protects  the  thermometer.  A  slot  is  cut  in  the  right-hand  side  of  the  support  tube  through- 
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out  almost  its  whole  length  to  permit  the  reading  of  the  thermometer.  At  the  top  of  the  sup¬ 
port  tube  a  short  piece  is  removable,  in  order  that  heat  may  be  applied  to  the  overflow  bulb  of 
the  thermometer,  to  dislodge  mercury  which  sometimes  collects  there  during  transportation. 
The  thermometer  is  graduated  to  tenths  of  degrees  centigrade  from  —15°  C.  to  +50°  C.  Two 
points,  0°  and  +  50°,  are  first  marked  on  the  stem  by  the  makers,  and  then  the  thermometer 

is  graduated  by  equal  linear  inter¬ 
vals  without  regard  to  the  variations 
of  cross  section  of  bore  of  the  stem. 
Before  insertion  in  the  instrument, 
a  careful  calibration  of  the  ther¬ 
mometer  stem  is  made. 

The  silver  disk,  a,  is  inclosed  by 
a  copper  cylindrical  box,  c,  halved 
together  for  convenience  in  con¬ 
struction.  Three  small  steel  wires, 
not  shown  in  the  figure,  support  the 
silver  disk.  These  wires  lie  in  the 
plane  of  the  center  of  the  disk  at 
120°  intervals  apart.  Midway  be¬ 
tween  them  are  three  brass  screws, 
not  shown,  which  may  be  screwed 
through  the  walls  of  the  box,  c,  up 
to  their  heads.  These  screws  in  that 
position  clamp  the  silver  disk  tightly. 
Their  purpose  is  to  prevent  the 
breakage  of  the  thermometer  if 
jarred  during  transportation.  These 
screws  must  be  loosened  during  ob¬ 
servations. 

The  copper  box,  c,  is  inclosed 
by  a  wooden  box,  d,  to  protect 
the  instrument  from  temperature 
changes.  This  box  is  also  halved 
together  and  fastened  by  long  wood 
screws,  one  of  which  is  seen  near  the 
letter,  d,  in  the  figure. 

Sunlight  may  be  admitted 
through  the  tube,  e.  This  tube  is 
provided  with  a  number  of  dia¬ 
phragms,  ft  f2  f3,  having  circular 
apertures.  The  aperture, /3,  nearest 
the  silver  disk  is  slightly  smaller  than 
the  others,  and  slightly  smaller  than 
the  disk  itself.  Thus  it  limits  the 
cross  section  of  the  sunbeam  whose 
intensity  is  to  be  measured.  The 
entire  interior  of  the  tube,  e,  the  box, 
c,  and  the  silver  disk,  a,  are  painted 
dead  black  with  lampblack  mixed 
in  alcohol,  with  a  little  shellac  added  to  cause  the  lampblack  to  stick.  To  secure  a  fine,  even 
coat,  the  mixture  is  filtered  through  cheesecloth  before  applying,  and  on  the  disk  it  is  warmed 
with  an  alcohol  lamp  until  the  brush  marks  disappear. 

A  rotatable  shutter,  g,  with  three  nickeled  parallel  metal  plates,  h  Ti  Ji,  is  provided  for 
cutting  off  the  sunlight  as  desired.  The  top  of  the  tube,  e,  carries  a  screen,  Tc,  large  enough  to 


Fig.  3— The  silver-disk  pyrheliometer. 
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shade  the  wooden  box,  d.  This  screen  also  supports  the  thermometer  tube  and  the  axis  of  the 
exposing  shutter  just  mentioned.  A  small  hole  hi  the  part  which  supports  the  thermometer 
admits  a  little  guiding  beam  of  sunlight,  i,  whose  use  is  to  assure  the  observer  that  the  instru¬ 
ment  points  toward  the  sun. 

The  pyrheliometer  is  carried  upon  an  equatorial  stand,  as  shown  in  the  figure.  A  worm 
and  wheel  mechanism  is  provided  for  following  the  sun.  No  clockwork  is  needed,  as  it  is  suf¬ 
ficient  for  the  observer  to  move  the  worm  slightly  two  or  three  times  a  minute. 

The  purpose  of  the  silver-disk  pyrheliometer  is  merely  to  furnish  readings  proportional  to  the 
intensity  of  radiation  of  the  sun,  and  comparable  one  with  another  at  all  times  and  places,  but 
not  to  furnish  independent  means  of  reducing  these  readings  to  true  heat  units.  Pouillet,  it  is 
true,  determined  the  dimensions  of  his  pyrheliometer,  and  from  them  reduced  his  results  approxi¬ 
mately  to  calories  per  square  centimeter  per  minute.  But  owing  to  several  uncertainties  not 
necessary  to  mention  here,  it  is  not  practicable  to  achieve  sufficient  accuracy  in  such  standardiza¬ 
tions  of  pyrheliometers  of  this  type.  They  must  therefore  be  regarded  as  secondary  instru¬ 
ments,  useful  only  for  relative  readings,  unless  standardized  by  comparison  with  true  standard 
pyrheliometers.  Such  standardizations  have  been  made  at  the  Astrophysical  Observatory.1 

Regarding  the  silver-disk  pyrheliometers  as  secondary  instruments,  an  abridged  method  of 
reading  is  possible,  which  materially  reduces  the  labor  of  observation  and  reduction.  In 
ordinary  calorimetry  the  thermometer  is  read  as  frequently  as  possible,  often  at  10  or  20  second 
intervals,  in  order  that  a  graphical  representation  of  the  whole  march  of  temperatures  may  be 
made.  In  this  way  the  most  exact  determination  is  possible  of  the  rate  of  rise  of  temperature 
due  to  the  source  of  heat  itself,  irrespective  of  cooling  or  warming  due  to  the  surroundings.  In 
the  use  of  the  pyrheliometer  as  a  secondary  instrument  the  true  value  of  the  rate  of  rise  of 
temperature  due  to  solar  heating  is  not  material.  If  a  simplified  method  of  observation  can 
furnish  results  which  are  under  all  circumstances  greater  or  smaller  by  a  constant  fraction  than 
the  true  rate  of  rise,  such  results  are  equally  as  valuable  as  the  true  ones  would  be,  for  the 
standardization  constant  of  the  instrument  corrects  such  errors.  By  numerous  experiments  it 
has  been  shown  that  the  short  method  of  reading  the  instrument  to  be  described  below  satisfies 
the  condition  just  explained,  well  within  the  error  of  the  observations,  hence  it  has  been  adopted. 

A  good  many  copies  of  this  instrument  have  been  sold  by  the  Smithsonian 
Institution,  at  cost,  to  observers  and  foreign  Governments.  With  each  instrument 
is  sent  out  a  calibration  sheet,  and  also  the  following: 

Directions  for  Using  the  Abbot  Silver-Disk  Pyrheliometer. 

(a)  setting  up. 

The  pyrheliometer  is  in  the  long  box;  the  mounting  in  the  cubical  box. 

1.  If  the  mercury  column  of  the  thermometer  is  broken,  remove  the  little  screw  at  the 
side  near  the  upper  end  of  the  nickel-plated  tube,  and  take  off  the  upper  portion  of  the  tube. 
Then  heat  the  exposed  stem  cavity  of  the  thermometer  gently  in  a  smoky  flame  (a  match  flame 
is  good)  until  the  mercury  is  expelled  from  the  cavity.  Then,  holding  the  thermometer  vertical, 
shake  the  instrument  repeatedly  with  a  downward  jerk  until  the  mercury  columns  join. 

2.  Remove  the  two  little  ivory  plugs  (using  pliers  if  necessary)  and  unscrew  the  two  brass 
screws  under  them,  and  also  unscrew  the  third  similar  screw  seen  through  the  trunnion  on  the 
other  side  of  the  case.  About  three  complete  turns  of  each  screw  is  proper.  Insert  the  two 
ivory  plugs.  When  packing  the  instrument  again  for  a  journey,  screw  in  the  three  screws  as  far  as 
they  will  go.  Their  purpose  is  to  clamp  the  silver  disk  to  protect  the  thermometer  during 
transportation. 

3.  Unscrew  the  two  pivots  from  the  sides  of  the  ring  of  the  mounting,  insert  the  pyrhelio¬ 
meter  so  that  the  thermometer  is  not  next  to  the  worm  wheel,  and  screw  in  the  pivots. 


1  See  below. 
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4.  Unclamp  the  half  ring  and  set  the  polar  axis  approximately  for  the  latitude  of  the  place. 
The  thermometer  should  be  next  to  the  upper  end  of  the  axis. 

( b )  ADJUSTMENTS. 

5.  For  quick  adjustment  in  right  ascension  guide  the  pyrhelio meter  with  one  hand  and 
loosen  the  lower  right-hand  milled  screw  (as  seen  from  the  upper  end  of  the  polar  axis).  The 
worm  may  then  be  lowered  out  of  engagement  with  the  wheel  and  the  change  made. 

6.  To  follow  the  sun,  adjust  in  right  ascension  and  declination  until  the  sun  shining  through 
the  little  hole  in  the  upper  plate  forms  its  image  on  the  scratched  spot  on  the  nickeled  piece 
below.  When  exposing  to  solar  radiation  rotate  the  worm  screw  a  little  (about  once  every 
half  minute)  to  follow  the  sun. 

7.  When  about  to  observe,  push  aside  the  cover,  leaving  only  the  shutter  to  shade  the 
silver  disk.  When  through  with  each  series  of  readings,  close  the  cover  to  keep  out  dust. 

(c)  OBSERVATIONS. 

8.  When  reading  the  thermometer  the  observer  should  hold  his  head  so  that  the  reflection 
of  each  dark  line  of  the  scale  near  the  degree  to  be  observed,  as  seen  in  the  mercury  thread,  is 
coincident  with  the  corresponding  dark  line.  This  prevents  parallactic  errors  of  reading. 

9.  Having  adjusted  the  instrument  to  point  at  the  sun  and  opened  the  cover,  read  the 
thermometer  exactly  at  20  seconds  after  the  beginning  of  the  first  minute.  Read  again  after 
100  seconds,  or  at  the  beginning  of  the  third  minute,  and  immediately  after  reading  open  the 
shutter  to  expose  to  the  sun.  Note  that  the  instrument  is  then  correctly  pointed.  After  20 
seconds  read  again.  Aiter  100  seconds  more  (during  which  the  pointing  is  corrected  frequently), 
or  at  the  beginning  of  the  fifth  minute,  read  again,  and  immediately  close  the  shutter.  After  20 
seconds  read  again.  After  100  seconds  read  again,  or  at  the  beginning  of  the  seventh  minute, 
and  immediately  open  the  shutter.  Continue  the  readings  in  the  above  order,  as  long  as  desired. 
Readings  should  be  made  within  one-fifth  second  of  the  prescribed  time.  Hold  the  watch 
directly  opposite  the  degree  to  be  observed,  and  close  to  the  thermometer.  Read  the  hundredths 
of  degrees  first,  the  degree  itself  afterward. 

10.  For  example: 

Table  7. — Sample  pyrheliometer  readings. 


Reading . 

1 

2 

3 

4 

5 

6 

Time . 

llh55m203 

57m00s 

57m20s 

59m00s 

59m20s 

0h01m00’ 

Reading . 

15°. 12 

14°. 25 

14°. 80 

17°. 58 

17°. 36 

16°. 09 

Condition... . 

Shaded 

Exposed 

- i 

Shaded 

Reading . 

7 

8 

9 

10 

Time . 

01m20s 

03m00s 

03m20s 

05m00s 

Reading . 

16°. 58 

18°. 99 

18°. 75 

17°. 29 

Condition . 

Exposed 

Shaded 

Air  temperature  15°.  Pyrheliometer  “S.  I.  Q.” 
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(i d )  REDUCTIONS. 

11.  Subtract  readings  (2)  from  (1);  (3)  from  (4);  (6)  from  (5);  (7)  from  (8);  (10)  from  (9). 

12.  Take  the  algebraic  means 

(1)  —  (2)  +  (5)  —  (6) .  (5)  —  (6)  +  (9)  —  (10) . 

2  ’  2  ’ 

and  to  them  add  [(4)  —  (3)]  and  [(8)  —  (7)]  respectively. 

13.  Call  the  results  above  Itx  and  R2.  Find  roughly  the  mean  temperatures  Tx  and  T2 
during  the  intervals  of  exposure  (3)  to  (4)  and  (7)  to  (8). 

14.  Add  to  Rx  and  R2  the  percentage  corrections  for  graduation  furnished  with  the  instru¬ 
ment,  then,  after  correcting,  add  to  Rx,  K[(TX  —  30°)Rx]  and  to  R2  add  K[(T2  — 30°)R2].  K  is  a 
constant  furnished  with  the  instrument.  If  the  prevailing  temperature  of  the  air  differs  much 
from  20°,  add  0.0014R  for  each  10°  the  air  temperature  falls  below  20°.  The  results  (which 
we  will  call  Rxx  and  Rx2)  are  the  final  rates  of  rise  per  100  seconds  during  the  exposures  (3)  to 
(4)  and  (7)  to  (8)  as  reduced  to  the  standard  bulb  temperature  of  30°,  and  standard  stem  tem¬ 
perature  of  20°. 

15.  (Note.)  The  approximate  method  of  procedure  stated  in  (12)  and  (14)  is  much  easier 
than  the  exact  method,  and  having  been  found  by  experiments  to  yield  closely  comparable 
results  under  all  circumstances  of  use,  within  the  error  of  measurement,  it  has  been  adopted, 
and  the  standardization  of  the  instrument  is  made  by  this  method. 

16.  To  reduce  the  results  R\  and  RJ2  to  standard  calories  per  square  centimeter  per  minute, 
multiply  by  the  factors  furnished  from  the  Smithsonian  Institution  with  each  instrument. 

17.  Under  favorable  circumstances  an  experienced  observer  can  read  to  a  probable  error 
of  fo  per  cent  for  a  single  reading.  The  sample  readings  here  given  differ  more  than  this,  for 
they  were  made  at  sea  level  with  variable  sky. 


Table  8. — Example  of  reduction. 


Number... . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Reading . 

15°.12 

14°.25 

14°. 80 

17°. 58 

17°.36 

16°.09 

16°.58 

18°. 99 

18°.75 

17°.29 

Differences . 

0°.  87 

2°.  780 

1°.  27 

2°.  410 

1°.  46 

Cooling  correction. . . . 

1  °.  070 

1°.  365 

Rx  and  Rs . 

3°.  850 

3°.  775 

Tx  and  Ts . 

16°.  2 

17°.  8 

Scale  correction . 

1 

—0. 0020Rx= 

—0°.  008 

-0. 0022R2= 

—0°.  008 

KR  (T— 30°) . 

-(0.0011)  (13.8)Ri= 

— 0°.  058 

-(0.0011)  (12.2)RS= 

—0°.  051 

Air  correction . 

+0.0007Ri= 

+0°.  003 

+0°.  003 

R’i  and  R>2 . 

3°.  787 

3°.  719 

Several  questions  have  arisen  regarding  the  accuracy  of  the  silver-disk  pyrheliometer: 

1.  As  to  the  effect  of  variations  of  the  light  of  the  sky,  it  might  seem  that  since  the  pyrhe¬ 
liometer  is  exposed  to  about  80°  of  solid  angle,  of  which  the  sun  occupies  only  about  0.°2,  the 
sky  light  might  be  quite  considerable.  To  test  this  question  a  screen  which  limited  the  solid 
angle  to  5°  was  fixed  to  one  instrument,  and  another  instrument  with  the  usual  arrangements 
was  compared  with  it  at  Washington.  No  alteration  of  the  relative  readings  due  to  the  use 
of  the  screen  could  be  found  on  a  very  clear  day.  On  another  day,  less  clear,  a  change  of 
relative  readings  of  about  0.5  per  cent  was  found.  On  a  very  poor  day  the  effect  may  reach 
1  or  even  2  per  cent.  On  Mount  Wilson  the  sky  is  so  clear  that  its  effect  would  be  negligible. 
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2.  As  regards  tlie  inclination  of  the  instrument,  experiments  were  made  by  affixing 
a  mirror  to  one  pyrheliometer,  so  that  the  sun  at  about  45°  from  the  zenith  could  be  observed 
in  two  positions,  vertical  and  horizontal,  of  the  instrument,  without  shifting  the  mirror  with 
respect  to  the  pyrheliometer.1  Thus  equipped,  the  pyrheliometer  was  compared  with  a  second, 
read  in  the  usual  manner.  No  alteration  of  the  relative  readings  could  be  found  depending  on 
the  inclination. 

3.  As  regards  atmospheric  pressure,  a  metal  box  was  fitted  to  one  pyrheliometer  and  a  glass 
plate  fixed  over  the  tube  for  admitting  sun  rays,  so  that  the  air  could  be  exhausted  from  the 
interior  of  the  pyrheliometer.  Comparisons  were  made  at  atmospheric  pressure,  and  at  about 
one-seven  hundred  and  sixtieth  of  atmospheric  pressure,  with  another  instrument  read  as  usual. 
No  changes  of  the  relative  readings  depending  on  air  pressure  could  be  discerned. 

4.  As  regards  age  of  the  blackened  surface  of  the  silver  disk,  we  have  not  very  long-continued 
records.  But  a  copper  disk  instrument  has  been  employed  on  Mount  Wilson  since  the  spring 
of  1906,  and  has  been  many  times  compared  with  other  copper  disk  instruments  there.  It  has 
been  several  times  cleaned  and  reblackened.  There  is  no  evidence  that  changes  as  great  as  1 
per  cent  have  ever  occurred  due  to  defects  in  the  blackening.  The  instrument  appears  now 
to  have  the  same  relative  readings  compared  with  another  instrument  at  Washington,  which 
has  been  unchanged  and  seldom  used  since  1906,  that  subsisted  between  them  five  years  ago. 
Another  copper  disk  instrument  was  loaned  in  1907  to  the  Weather  Bureau.  Its  blackening 
has  been  unchanged,  and  it  now  (1911)  gives  the  same  relative  readings  compared  with  the 
one  at  the  Astrophysical  Observatory  that  it  did  in  1907. 

5.  As  regards  accidental  error  of  observation,  persons  with  good  eyesight  and  experience 
in  observing  appear  to  read  with  a  probable  error,  for  a  single  determination,  at  high  sun,  not 
exceeding  three-tenths  per  cent.  As  a  single  determination  depends  on  six  readings,  and  the 
rise  of  temperature  determined  is  only  about  3°,  this  requires  a  probable  error  of  single  readings 
of  temperature  not  exceeding  0.°005,  or  one-twentieth  division  of  the  scale.  It  seems  almost 
incredible  that  this  degree  of  accuracy  should  usually  be  attained,  but  comparisons  of  instru¬ 
ments  by  two  observers  simultaneously,  if  made  under  excellent  sky  conditions,  so  indicate. 

to.  STANDARD  PYRH  ELIO  METERS. 

(A)  THE  WATER-FLOW  PYRHELIOMETERS. 

Referring  to  Annals,  Volume  II,  pages  39-47,  we  had  already  in  1907  made 
many  efforts  to  fix  the  standard  scale  of  radiation.  We  have  satisfied  ourselves 
that  the  secondary  pyrheliometers  yield  readings  proportional  to  the  solar  radia¬ 
tion.  The  experiments  now  to  be  described  were  made  to  fix  their  scales  in  true 
calories. 

The  standard  water-flow  pyrheliometer  No.  1,  except  for  a  defect  of  construc¬ 
tion  mentioned  at  page  47  (just  cited),  seemed  to  be  well  adapted  for  this  purpose, 
but  as  the  results  published  at  pages  45  and  46  (just  cited)  showed  that  the  ratio 
of  its  readings  to  those  of  the  Angstrom  pyrheliometer  was  1.092,  great  doubt  still 
remained  as  to  the  true  scale.  A  few  more  experiments  were  made  with  standard 
pyrheliometer  No.  1  in  October,  1906,  with  automatic  registration.  These  were  not 
reduced  for  publication  in  Volume  II  of  the  Annals,  but  it  is  found  that  they  indi¬ 
cated  for  the  constant  of  secondary  pyrheliometer  No.  IV  0.840  instead  of  0.883 
or  0.890,  as  given  in  the  comparisons  published  at  page  46,  Volume  II.  We  now 
think  that  in  the  manipulation  of  the  instrument,  as  it  was  used  in  the  published 


1  This  neat  device  was  suggested  by  Dr.  Ingersoll. 
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experiments,  a  purely  magnetic  effect  was  produced  in  some  manner  affecting  the 
zero  of  the  galvanometer  when  the  shutter  was  opened  and  closed.  Such  an  effect 
was,  in  fact,  later  noted  and  eliminated.  But  in  any  case  the  experiments  with 
standard  pyrheliometer  No.  1  are  not  conclusive.  The  mean  of  all  experiments 
with  this  instrument,  including  some  at  Washington,  gives  0.853  for  the  constant 
of  Secondary  No.  IV. 

The  construction  of  standard  pyrheliometers  Nos.  2  and  3  followed  in  1907  and 
1909.  In  general  form  they  are  alike,  but  differ  in  dimensions,  in  the  cross  section 
of  the  water  channel,  and  in  the  means  of  measuring  the  rise  of  temperature  of  the 
water  stream.  Figure  4  gives  a  general  view  of  standard  pyrheliometer  No.  3, 
and  figures  5  and  6  give  details  of  the  means  of  measuring  the  temperature  rise  in 
No.  2  and  No.  3,  respectively.  Figure  7  is  a  diagram  of  the  scheme  of  electrical 


connections. 

AA  is  a  chamber  of  about  3.5  cm.  inside  diameter,  whose  walls  are  hollow,  and 
adapted  for  the  circulation  of  a  stream  of  water.  The  stream  enters  at  E  and 


E 


Fig.  4.— Standard  water-flow  pyrheliometer  No.  3.  General  cross-sectional  view. 


bathes  the  walls  and  rear  of  the  chamber  and  the  cone-shaped  receiver  of  rays  H 
and  passes  off  at  F  carrying  the  heat  developed  by  solar  rays  which  entered  the 
chamber  by  the  measured  orifice  C.  At  D:  and  D2  are  platinum  coils  adapted  to 
measure  the  rise  of  temperature  of  the  water  due  to  solar  heating.  The  vestibule 
BB  through  which  the  rays  pass  is  bathed  by  the  outflowing  water  which  escapes 
at  F.  The  water  flows  in  a  spiral  channel  round  and  round  the  vestibule  B,  so 
that  it  is  effectually  kept  at  a  constant  temperature.  The  circulation  of  the 
inflowing  water  in  the  walls  of  the  chamber  AA  is  also  by  means  of  a  spiral  channel 
cut  from  the  front  to  the  back,  thence  by  a  spiral  of  decreasing  radius  down  to  the 
center  of  the  back  of  the  chamber,  then  by  a  spiral  on  the  cone-shaped  piece  H, 
until  it  emerges  into  the  tube  which  leads  to  D2.  In  order  to  prevent  outside 
temperature  influences  from  vitiating  the  observation,  the  whole  apparatus  is 
inclosed  in  the  Dewar  vacuum  flask  KK,  and  to  prevent  the  breakage  of  the  flask 
it  is  inclosed  in  a  brass  tubular  receptacle. 

The  construction  of  standard  pyrheliometer  No.  2  is  similar  to  that  just 
described,  excepting  in  the  arrangement  of  the  electrical  thermometers  Dx  D2,  and 
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Fig.  6.— Detail  of  standard  pyrheliometer  No.  3. 


that  the  instrument  is  of  somewhat  smaller  internal  diameter  than  No.  3.  The 
arrangement  for  the  electrical  thermometers  in  pyrheliometer  No.  2  is  shown  in 
figure  5.  The  metal  tube  a  is  enlarged  at  b  and  forced  in  with  rubber  packing  into 
the  glass  piece  cd.  At  e  is  a  spiral  of  ivory  (shown  in  end  view  below)  which  slips 
*  on  over  the  metal  tube  a.  The  ivory  piece  e  is 

pierced  longitudinally  with  8  holes  to  which  are 
threaded  longitudinally  from  end  to  end  very  fine 
platinum  wires  /.  These  lead  to  larger  platinum 
wires  g,  which  are  sealed  through  the  wall  of  the  glass 
fig.  5.  Detail  of  standard  pyrMiometer  No.  2.  piece  c.  The  water,  entering  for  instance  at  b,  passes 
into  the  glass  piece  c,  thence  around  and  around  the  ivory  spiral  e,  where  it  bathes 
the  platinum  wires/,  then  into  the  metal  tube  a,  and  thence  into  the  pyrheliometer. 

The  arrangement  of  the  platinum  thermometer  for  the  standard  pyrheliometer 
No.  3  is  shown  in  figure  6.  The  metal  tube  a  is  enlarged  to  inclose  a  glass  tube  b 
inserted  with  rubber  packing.  At  c  is  a  small  hole  in  the  side  of  the  glass  tube 
through  which  the  water  may  pass.  A  platinum  wire  is  sealed  into  the  end  of  the 
glass  tube  b,  and  supports  an  ivory  spiral  e.  A  nut  d 
is  screwed  on  to  hold  the  spiral  in  place.  The  ivory 
spiral  is  threaded  from  end  to  end  with  platinum 
wires  /,  as  was  the  case  in  figure  5.  These  wires 
lead  out  to  larger  copper  wires  g,  by  means  of  which  the  connections  are  made 
between  the  different  parts  of  the  electrical  thermometer. 

Figure  7  shows  the  diagram  of  the  electrical  thermometer.  The  platinum 
wires  e  of  figures  5  or  6  are  represented  in  this  diagram  by  the  coils  a,  b,  c,  and  d. 
Of  these,  a  and  c  may  be  supposed  to  be  in  the  part  Di  of  figure  4  and  bd  in  the  part 
D2  of  figure  4.  A  large  coil  of  variable  resistance,  e,  is  shunted  around  one  of  the 

arms  of  the  Wheatstone’s  bridge,  and  the  battery  /  and  gal¬ 
vanometer  g  are  connected  as  shown. 

We  see  only  one  improvement  over  No.  3  which  we 
should  desire  to  make  in  a  new  construction.  This  is  to 
carry  the  conducting  wires  some  distance  farther  into  the 
spiral  channels  of  the  ivory  coil  bobbins  before  joining  them 
fig.  7.-Diagram  of  electrical  circuit  to  the  fine  platinum  resistance  wires.  In  this  way  we  should 

for  standard  water-flow  pyrhelio- 

meters-  hope  that  the  resistance  thermometer  would  be  so  thoroughly 

bathed  by  the  flowing  water  that  it  would  quickly  come  to  a  steady  state  after 
exposure  or  shading.1  We  are  now  forced  to  wait  over  five  minutes  for  this  to 
be  established,  and  there  is  too  much  opportunity  for  galvanometer  drift. 

1  Possibly  it  would  be  better  to  use  thermoelements  rather  than  a  resistance  thermometer  for  the  construction, 
but  of  this  we  are  by  no  means  sure.  Although  it  would  be  easy  to  place  the  thermo  junctions  where  they  would 
certainly  be  bathed  completely  by  the  water  stream,  it  may  be  possible  that  electromotive  forces  other  than  thermal 
would  be  found  to  hinder  a  successful  operation. 
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DETERMINATION  OF  THE  CONSTANTS  OF  STANDARD  PYRHELIOMETERS  2  AND  3. 

(a)  ELECTRICAL  RESISTANCES  OP  THE  PLATINUM  THERMOMETERS. 

The  pyrheliometer  being  fully  assembled  excepting  that  one  junction  between 
the  wires  of  the  platinum  thermometer  remained  unsoldered,  and  that  five  low 
resistance  copper  cables  were  soldered  to  the  five  ends  of  the  four  resistances,  the 
instrument  was  inclosed  in  a  copper  tube  which  was  bathed  in  a  constantly  stirred 
water  bath  of  automatically  controlled  temperature.  One  calibrated  mercury 
thermometer  hung  in  the  water  bath,  another  hung  between  the  wires  of  the 
platinum  thermometer,  and  a  third  was  placed  so  as  to  determine  the  average 
temperature  of  the  copper  cables.  Manganine  coils  of  approximately  the  same 
resistance  that  the  platinum  wires  would  have  at  20°  C.  were  arranged  to  form 
three  arms  of  a  Wheatstone’s  bridge.  By  closing  either  one  of  four  heavy  all-copper 
switches,  one  of  the  four  platinum  wires  could  be  made  the  fourth  arm  of  the  Wheat¬ 
stone’s  bridge.  Exact  balance  of  the  bridge  was  secured  by  means  of  a  variable 
resistance  used  as  a  shunt  around  one  arm  of  the  bridge. 

Thus  the  four  platinum  resistances  plus  the  resistances  of  their  copper  cables, 
all  at  known  temperatures,  were  determined  in  terms  of  three  manganine  resistance 
coils,  and  of  some  high  resistances  of  a  standard  resistance  box.  The  three  man¬ 
ganine  resistances  and  the  resistances  of  the  copper  cables  were  at  length  also  de¬ 
termined  in  terms  of  the  standard  resistance  box.  In  this  way  the  resistances 
of  the  four  platinum  wires  at  fixed  temperatures  were  determined  with  an  accuracy 
of  about  one  part  in  30,000  and  the  changes  of  their  resistances  with  change  of 
temperature  were  determined  with  an  accuracy  of  about  one  part  in  1,000. 

The  platinum  wires  of  standard  pyrheliometer  No.  3  were  of  fine  drawn  naked 
platinum  wire,  and  seemed  to  be  nearly  uniform  in  temperature  coefficient.  The 
wires  of  No.  2  had  been  silver  coated,  and  were  less  uniform  in  coefficient. 

The  following  are  the  final  results  of  these  electrical  measurements  as  made  by 
Mr.  Aldrich  in  1910. 

STANDARD  WATER-FLOW  PYRHELIOMETER  NO.  2. 


Table  9. — Resistances  1  of  platinum  bridge  arms. 


Temperature, 

centigrade.2 

A 

B 

C 

D 

Degree. 

0.00 

27.  698 

27.  911 

27. 547 

28.  053 

10. 20 

28.  729 

28.  933 

28.  578 

29.  096 

20.19 

29.  740 

29.  937 

29.  597 

30. 133 

29.  70 

30.  739 

30.  911 

30.  574 

31. 108 

40.  43 

31.  834 

31.  986 

31.  658 

32.  209 

1  International  ohms.  2  On  nitrogen  scale. 
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Table  9. — Resistances  of  'platinum  bridge  arms — Continued. 


CHANGE  OF  RESISTANCE  PER  DEGREE. 


Temperature 

interval. 

A 

B 

C 

D 

Degree. 

0-10 

0. 10108 

0. 10020 

0. 10108 

0. 10225 

10-20 

.  10120 

. 10050 

. 10200 

. 10380 

20-30 

.  10505 

. 10242 

.  10273 

.  10252 

30-40 

. 10205 

.  10019 

.  10103 

.  10262 

0-20 

. 10114 

. 10035 

.  10153 

.  10302 

10-30 

.  10308 

. 10014 

. 10236 

.  10318 

20-40 

. 10346 

. 10124 

.  10183 

.  10263 

The  resistance  arms  A  and  C  are  in  the  outflow  tube,  so  that  it  is  on  them 
alone  that  the  change  of  temperature  produced  by  solar  or  electrical  heating  acts. 
In  use  the  resistances  of  the  arms  B  and  D  were  somewhat  modified  from  the  values 
above  given,  and  suitable  allowances  for  these  changes  were  introduced  in  the 
computations.  The  shunt  for  balancing  and  standardizing  the  resistance  ther¬ 
mometer  was  placed  around  the  arm  D. 

The  formula  of  reduction  for  observations  made  with  standard  pyrheliometer 
No.  2  was  derived  in  a  similar  manner  to  that  adopted  for  No.  3,  which  will  be 
given  below;  but  on  account  of  somewhat  greater  fractional  differences  between 
the  resistances  of  the  bridge  arms  finally  used  in  No.  2,  the  formula  for  No.  2  was 
more  complex.  It  does  not  seem  necessary  to  go  into  these  complexities  here, 
as  standard  No.  2  has  been  comparatively  little  used  owing  to  its  inferiority  to 
No.  3,  as  will  be  mentioned  below. 

The  area  of  the  aperture  for  solar  rays  in  standard  No.  2  is  2.539  square 
centimeters. 

Two  heating  coils  for  the  introduction  of  test  quantities  of  electrical  heating 
within  the  absorption  chamber  have  resistances  of  190.82  and  209.78  ohms,  respec¬ 
tively. 

STANDARD  WATER-FLOW  PYRHELIOMETER  No.  3. 

Table  10. — Resistances 1  of  platinum  bridge  arms. 


Temperature 

centigrade.2 

M 

N 

O 

P 

0.  00 

10.  6303 

10.  5833 

10.  6405 

10.  5696 

10.  60 

11.  0177 

10.  9666 

11.  0242 

10.  9553 

20.  80 

11.  3758 

11.  3277 

11.  3883 

11.  3129 

30.  49 

11.  7224 

11.  6699 

11.  7321 

11.  6563 

40.  20 

12.  0644 

12.  0112 

12.  0761 

11.  9979 

1  International  ohms.  2  On  nitrogen  scale. 
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Table  10. — Resistances  of  'platinum  bridge  arms — Continued. 


CHANGE  OF  RESISTANCE  PER  DEGREE. 


Temperature 

interval. 

M 

N 

O 

P 

0-10 

0.  03656 

0.  03616 

0.  03620 

0.  03639 

10-20 

. 03511 

. 03540 

. 03570 

. 03506 

20-30 

.  03577 

.  03532 

. 03548 

. 03544 

30-40 

.  03526 

.  03519 

. 03547 

. 03522 

0-20 

.  03584 

.  03579 

. 03595 

. 03572 

10-30 

.  03549 

.  03542 

. 03558 

. 03523 

20-40 

.  03550 

. 03523 

.  03545 

. 03531 

The  resistance  arms  M  and  O  are  in  the  outflow  tube,  so  that  it  is  on  them  alone 
that  the  change  of  temperature  produced  by  solar  or  electrical  heating  acts.  The 
shunt  for  balancing  and  standardizing  the  resistance  thermometer  was  placed  at 
first  on  the  arm  O,  but  subsequently  in  successive  series  of  experiments  it  was 
sometimes  on  P,  sometimes  on  0.  The  shunt  resistance  was  always  large  so  that 
these  alterations  indicated  only  small  changes  of  the  resistances  of  the  bridge. 

In  consideration  of  the  approximate  equality  of  the  arms  M  and  O  and  of  the 
arms  N  and  P  taken  in  pairs,  it  was  thought  satisfactory  to  take  mean  values  of  their 
resistances  and  resistance  changes.  In  this  we  have: 


Mean  resistances. 

Mean  temperature  coefficients. 

Temperature. 

M  and  O. 

N  and  P 

Range. 

M  and  O. 

N  and  P 

0.  00 

10.  6354 

10.  5765 

0-20 

0.  03589 

0.  03575 

10.  60 

11.  0209 

10.  9610 

10-30 

0. 03553 

0.  03533 

20.  80 

11.  3820 

11.  3203 

20-40 

0.  03547 

0. 03527 

30.  49 

11.  7272 

11.  6631 

40.  20 

12.  0702 

12.  0045 

The  mean  temperature  coefficients  corresponding  to  the  temperatures  prevailing 
at  times  of  observation  were  interpolated  graphically  from  the  values  just  given. 
Corresponding  mean  resistances  were  determined  by  aid  of  the  temperature  coeffi¬ 
cients  from  values  given  in  the  table. 

The  area  of  the  aperture  for  solar  rays  in  Standard  No.  3  is  4.189  square  centi¬ 
meters.  On  some  occasions  smaller  apertures  have  been  used  for  check  experiments. 

Two  heating  coils  for  the  introduction  of  test  quantities  of  electrical  heating 
within  the  absorption  chamber  have  resistances  of  124.39  and  157.34  ohms, 
respectively. 
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( b )  FORMULA  OF  REDUCTION. 


Referring  to  figure  7,  let  E  be  the  battery  electro-motive  force,  B  the  battery 
arm  resistance,  g  the  current  in  the  galvanometer,  G  the  galvanometer  arm  resistance, 
a,  7:  the  resistances  of  the  four  arms  of  the  Wheatstone’s  bridge,  and 

D=BG(a+£  +y+<5)  +  B(a+/?)(y  +  5)  +G(a+8)((3  +y)  +a&(ft +y)+fty(  a+5). 


Then  for  a  small  change  of  resistance  in  one  of  the  bridge  arms  (as  dft  in  the  arm  ft) 
the  corresponding  current  in  the  galvanometer,  dgp,  will  be: 

dg_K  j  s  _  <BG+B(y+^)+G(a+g+^+y(«+^)K^-ay)|i,, 


Similar  expressions  hold  for  galvanometer  currents  produced  by  small  changes  of 
the  other  bridge  arms.  In  our  work  the  four  bridge  arms  agreed  in  resistance  within 
0.7  per  cent,  their  values  were  between  11  and  12  ohms  each,  and  the  resistances  in 
the  battery  and  galvanometer  arms  were  always  between  20  and  100  ohms  each. 

E$ 

In  these  circumstances  we  may  write  with  close  approximation:  dgfi—-^dft, 


and  similarly  for  other  bridge  arms.  The  expression  is  approximate  within  1  part 
in  1,000.  Assume  that  the  deflection  of  the  galvanometer  due  to  a  small  current 
dg?  is  K dg0,  where  K  is  constant.  Let  e  be  the  resistance  of  the  shunt  used  in 
Standard  No.  3  around  the  arm  O  to  bring  about  a  balance  of  the  bridge,  and  let  A 
be  the  change  of  e  required  to  produce  a  deflection  a  of  the  galvanometer.  The 

Oe 

resistance  of  the  arm  O  shunted  is  and  the  change  due  to  A  is: 


Q(e  +  A)  Oe  _ _ Q2A _ 

O  +  e+A  O  +  e  (0  +  e)(0  +  e  +  A) 


In  accordance  with  what  has  preceded,  if  we  use  D  as  now  applying  to  the  bridge 
arms  M,  N,  O,  P : 


<r=K.  p.  M. 


Q2A 

(0+e)(0+e  +  A)' 


Further,  let  the  introduction  of  solar  radiation  produce  a  deflection  S  by  raising 
the  temperatures  of  the  arms  M  and  O  by  the  amount  dt,  thereby  increasing  their 
resistances  by  amounts  qdt,  where  q  is  the  adopted  mean  temperature  coefficient 
for  these  arms  found  by  the  method  above  explained. 

Then  we  have : 

g— xr  E  f  Oe  ,  Me2  “1  M 

Dl0+e+(0+e)(0  +  e+qdt)]q 


Recollecting  that  qdt  is  negligible  compared  to  (O+e),  and  that  O  and  M  are  so  nearly 
equal  that  we  have  been  justified  in  using  their  mean,  which  we  will  hereafter 


call  Q : 


S=K 


E  Peg  },  ,  e 
D‘0+e]  Q+e 
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Let  w  be  the  rate  of  flow  of  the  water,  a  the  area  of  the  aperture  for  admission 
of  solar  rays,  and  R  the  intensity  of  solar  radiation.  Then  dividing  the  expression 
for  a  by  that  for  S  and  substituting  Q  for  0  and  M  in  the  operation,  we  have  the 
final  formula  for  measurements  of  solar  radiation: 

S  Cg  _ A _ 

U*  V(Q+e+A)(1+_0 

USE  OF  THE  STANDARD  PYRHELIOMETERS . 

At  Washington  it  was  arranged  to  place  the  standard  pyrheliometers  in  the 
horizontal  beam  from  the  Grubb  siderostat,  and  to  read  alternately  with  them 
silver-disk  pyrheliometer  A.  P.  O.  8  bis,  which  could  be  inserted  just  in  front  and 
exactly  in  the  same  part  of  the  beam  as  the  standards.  Another  secondary  pyr¬ 
heliometer  was  read  out  of  doors  in  a  direct  solar  beam  at  each  time  that  either  one 
of  the  standards  or  secondary  A.  P.  0.  8  bis  was  read.  Thus,  the  readings  of 
A.  P.  O.  8  bis,  made  between  the  readings  of  the  standards,  could  be  reduced  to 
what  they  would  have  been  at  the  times  when  the  standards  were  read. 

At  Mount  Wilson,  standard  pyrheliometer  No.  3  has  been  mounted  equato- 
rially  with  clockwork  driving,  and  its  indications  have  been  automatically  recorded 
by  the  holographic  plate-carrier  mechanism.  The  exposures  to  the  sun  were  made 
by  shutters  controlled  by  cords  in  the  hands  of  the  observer,  who  read  secondary 
pyrheliometers  A.  P.  O.  IV,  A.  P.  0.  VII.  A.  P.  0.  8  bis,  or  A.  P.  O.  9,  while  the 
automatic  records  were  being  made. 

The  water  current  was  supplied  by  distilled  water  flowing  from  a  Marriotte 
bottle  some  10  meters  (32  feet)  above  the  level  of  the  pyrheliometer.  Its  rate  of 
inflow  was  governed  by  a  micrometer  cock,  situated  close  to  the  pyrheliometer. 
Its  outflow  was  free,  but  at  a  slightly  higher  level  than  the  pyrheliometer.  To 
secure  its  constant  temperature,  the  water  flowed  through  a  very  long  coil  of  tin 
tubing  in  a  barrel  of  water  near  the  pyrheliometer,  and  the  remainder  of  its  course 
was  thoroughly  protected  from  temperature  changes  by  cotton  wool.  Air  escaping 
from  the  flowing  water  was  caught  in  a  bottle  just  before  the  water  reached  the  microm¬ 
eter  valve.  In  this  bottle  was  one  thermometer,  and  another  was  bathed  by  the 
water  as  it  escaped  into  the  receptacle.  The  two  thermometers  seldom  differed  by 
0.5°  C.  and  their  mean  was  used  as  the  temperature  at  the  pyrheliometer.  The  water 
fell  into  a  covered  pail,  which  was  weighed  at  intervals.  The  platinum  thermometer 
was  balanced  by  means  of  a  large  variable  resistance  in  shunt  about  one  of  the  plati¬ 
num  wires.  In  order  to  determine  the  scale  of  the  galvanometer  deflections,  a  switch 
outside  the  galvanometer  room  was  arranged  to  alter  the  resistance  of  this  shunt 
by  an  amount  sufficient  to  produce  about  the  same  deflection  as  the  sun  exposure. 

Experiments  were  made  in  the  following  order:  At  a  certain  instant  a  weighed 
pail  was  placed  to  catch  the  outflowing  water,  and  the  water  temperatures  at  the 
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pyrheliometer  were  noted.  The  recording  photographic  plate  was  started  in  its 
descent  before  the  galvanometer.  The  switch  for  varying  the  shunt  was  thrown 
in  and  out  several  times  at  intervals  of  30  seconds.  Shade  readings  of  the  secondary 
pyrheliometers  were  begun.  Then  all  pyrheliometers  were  exposed  to  the  sun. 
Exposures  of  about  6  minutes  being  made  with  the  standard  pyrheliometer,  two 
exposures  with  each  of  the  secondaries  could  be  made  while  the  standard  was 
exposed.  An  interval  of  five  minutes  was  allowed  to  lapse  for  attaining  a  zero, 
after  which  the  shunt  switch  was  again  changed  several  times,  and  then  a  new  series 
was  begun.  After  this  the  water  pail  was  removed  at  a  certain  instant  and  weighed. 
Water  temperatures  were  noted. 

Many  experiments  have  been  made,  in  some  of  which,  owing  to  imperfect  pro¬ 
tection  of  the  water  circuit  or  to  other  causes,  there  was  irregular  drift  of  the  gal¬ 
vanometer.  Such  experiments  were  rejected.  The  following  results  are  all  that 
are  regarded  as  sufficiently  free  from  such  sources  of  error  to  be  worth  preserving: 


STANDARD  PYRHELIOMETER  NO.  2,  WASHINGTON. 
Table  11. — Heating  coil  tests. 


Date. 

Rate  of  water 
flow  (grams  per 
second). 

Heat  intro¬ 
duced  (calories 
per  minute). 

Heat  found. 

Percent  found. 

Deviation  in 
per  cent  from 
mean  found. 

1910. 

May  12 

1.  219 

1.354 

1.306 

96.4 

2.7 

12 

1.216 

2. 100 

2. 082 

99.2 

0.1 

16 

1.185 

1.348 

1. 405 

104.1 

5.0 

16 

1.185 

1.343 

1.421 

105.7 

6.6 

16 

1.185 

2.  082 

2. 127 

102.2 

3.1 

16 

1. 185 

2.  086 

2.  096 

100.5 

1.4 

25 

0.  931 

1.346 

1.362 

101.1 

2.0 

26 

1.134 

1.  342 

1.  341 

99.8 

0.7 

26 

1.134 

1.342 

1.319 

98.3 

0.8 

26 

1.139 

1.341 

1. 316 

98.2 

0.9 

26 

1.139 

2.  086 

2.  008 

96.3 

2.8 

26 

1.139 

2.  086 

2.  006 

96.2 

2.9 

26 

1.139 

2.  086 

2.  039 

97.8 

1.3 

31 

1.057 

1.339 

1.333 

99.5 

0.4 

31 

1.  057 

1.339 

1.330 

99.4 

0.3 

31 

1.  057 

1.339 

1.304 

97.5 

1.6 

31 

1.  057 

2.  075 

2.  060 

99.3 

0.2 

31 

1.057 

2.  075 

2.  018 

97.3 

1.8 

31 

1.  057 

2.  075 

2.  051 

98.9 

0.2 

June  7 

1.  053 

1.  343 

1.296 

96.5 

2.  6 

7 

1.  053 

2.  082 

2.  043 

98.2 

0.9 

Mean . . . 

99.1 

1.8 

From  21  experiments,  some  with  one  heating  coil,  some  with  the  other,  99.1  per  cent  of  heat  introduced  was  found, 
and  the  average  deviation  of  individual  observations  from  the  mean  was  1.8  per  cent. 
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STANDARD  PYRHELIOMETER  NO.  2,  WASHINGTON. 

Table  12. — Determination  of  constant  of  Secondary  A.  P.  0.  No.  8} 


Date. 

Water  flow  per 
second  (grams). 

No.  2,  calories 
per  cm2  per 
minute. 

No.  8,  corrected 
rise. 

Ratio  ^°-2' 
No.  8. 

Weight. 

Deviation. 

1910. 

May  10 

1.  236 

0.  817 

2. 187 

0.  3734 

1 

0.  0038 

10 

1.236 

0.  802 

2. 153 

0.  3725 

1 

47 

17 

1. 180 

1.062 

2.  888 

0.  3676 

1 

96 

17 

1. 180 

1.144 

3.  067 

0.  3731 

1 

41 

17 

1.180 

1. 122 

3.  033 

0.  3700 

1 

72 

17 

1. 193 

1. 172 

3.  026 

0.  3876 

1 

104 

17 

1. 193 

1.131 

3.  007 

0.  3760 

1 

12 

17 

1. 193 

1.045 

2.  947 

0.  3546 

1 

226 

28 

1.  083 

0.  964 

2.  668 

0.  3612 

1 

160 

28 

1.  083 

0.  985 

2.  504 

0.  3931 

1 

159 

28 

1.  083 

0.  955 

2.  397 

0.  3982 

1 

210 

28 

1.  083 

0.  948 

2.  390 

0.  3967 

1 

195 

June  4 

1.  037 

1.113 

3.  000 

0.  3710 

3 

62 

4 

1.037 

1. 175 

3.  095 

0.  3797 

3 

25 

4 

1.037 

1.144 

3.  045 

0.  3762 

3 

10 

4 

1.  037 

1.164 

3.042 

0.  3824 

3 

52 

Weighted 

mean _ 

0.  3772 

0.  0131 

i  No.  8  was  refilled  with  mercury  in  December,  1910,  and  afterwards  called  No.  8  bis. 


From  these  experiments  the  constant  of  secondary  pyrheliometer  A.  P.  O.,  No.  8,  is  0.3772±0.0022. 

STANDARD  PYRHELIOMETER  NO.  3. 


Table  13. — Heating  coil  tests. 


Date. 

Rate  of  water 
flow. 

Coil. 

Heat  intro¬ 
duced. 

Heat  found. 

Percent  found. 

Deviation  in 
per  cent  from 
mean  found. 

1910. 

Apr.  18 

1.411 

I 

4,  520 

4,470 

99.0 

0.  85 

18 

1.411 

I 

4,  530 

4,480 

99.0 

0.  85 

18 

1.403 

II 

4,  870 

4,797 

98.6 

1.25 

18 

1.403 

II 

4,880 

4,  820 

98.7 

1.15 

22 

1.  339 

II 

4, 786 

4,  834 

101.0 

1.15 

22 

1.339 

II 

4,786 

4,  826 

100.7 

0.  85 

22 

1.  335 

I 

4,  437 

4,  486 

102.7 

2.  85 

22 

1.335 

I 

4,  437 

4,  428 

99.8 

0.  05 

23 

1.326 

II 

7,  265 

7,  250 

99.8 

0.  05 

23 

1.314 

II 

7,  236 

7,197 

99.5 

0.  35 

23 

1.330 

I 

6,  760 

6,  756 

99.9 

0.  05 

23 

1.  318 

I 

6,  728 

6,  695 

99.5 

0.  35 

Mean. . . 

99.  85 

0.  63 

From  16  experiments,  half  with  one  heating  coil,  half  with  the  other,  99.85  per  cent  of  heat  introduced  was  found, 
and  the  average  deviation  of  individual  observations  from  the  mean  was  0.63  per  cent. 
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STANDARD  PYRHELIOMETER  NO.  3,  WASHINGTON. 


Table  14. — Determination  of  constant  of  secondary  A.  P.  0.  No.  8.1 


Date. 

Water  flow 
(grams  per 
second). 

No.  3,  calories 
per  cm2  per 
minute. 

No.  8,  cor¬ 
rected  rise. 

Ratio  No-A 
No.  8. 

Deviations. 

1910. 

Apr.  22 

1.  340 

1.  016 

2.  667 

0.  3810 

0. 0045 

22 

1.333 

1.030 

2.  746 

0. 3751 

14 

22 

1.  329 

1. 075 

2. 855 

0. 3765 

00 

22 

1. 321 

1.057 

2. 852 

0. 3706 

59 

22 

1. 317 

1. 013 

2.  685 

0. 3773 

08 

22 

1.343 

1. 023 

2.  702 

0. 3786 

21 

Mean . 

0. 3765 

0. 0025 

1  See  footnote  to  preceding  table  for  Standard  No.  2. 

From  these  experiments  the  constant  of  secondary  pyrheliometer  A.  P.  O.  No.  8  is  0.3765^:0.0009. 

STANDARD  PYRHELIOMETER  NO.  3,  MOUNT  WILSON. 


Table  15. — Determination  of  constant  of  secondary  A.  P.  O.  IV. 


Date. 

Water  flow 
(grams  per 
minute). 

No.  3,  calories 
per  cm2  per 
minute. 

No.  IV;  cor¬ 
rected  rise  per 
minute. 

Ratio  3> 

No.  8. 

Deviations. 

1910. 

Oct.  31 

114.3 

1.  467 

1.712 

0.  8570 

0.  0011 

31 

113.9 

1.  458 

1.699 

0.  8584 

0. 0003 

Nov.  1 

108.2 

1.473 

1.736 

0.  8482 

0.  0091 

1 

108.8 

L  511 

1.  739 

0.  8689 

0. 0108 

Mean  .... 

0.  8581  1 

0. 0053 

1  For  60-second  exposure. 


From  these  experiments  the  constant  of  secondary  pyrheliometer  A.  P.  O.  No.  IV  is  0.8581±0.0022.  Each  of  the 
four  values  given  above  is  the  mean  result  of  two  exposures  of  the  standard  and  two  exposures  of  the  secondary. 

Table  16. — Determination  of  constants  of  secondaries  A.  P.  O.  IV,  A.  P.  O.  VII,  A.  P.  O.  8  bis , 

and  A.  P.  O.  9,  details  omitted. 


Ratio. 

Date. 

No.  3 

No.  3 

No.  3 

No.  3, 

No.  9. 

No.  IV. 

No.  VII. 

No.  8  bis. 

1911. 

June  27 

0. 854 

0. 840 

0. 636 

0.607 

27 

0.847 

0. 832 

0. 622 

0.593 

27 

0. 854 

0.846 

0.  638 

0. 608 

Mean . 

‘0.  852 

‘0.  839 

10.  632 

1  0.  603 

20.  5112 

20. 5034 

20. 3792 

2  0. 3618 

1  For  60-second  exposure. 

2  For  100-second  exposure. 


In  these  experiments  each  of  the  three  values  given  rests  on  one  exposure  of  the  standard  and  two  exposures  of  each 
secondary. 
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STANDARD  PYRHELIOMETER  NO.  3,  MOUNT  WILSON. 
Table  17. — Heating  coil  tests,  details  omitted. 


Date. 

Coa. 

Percentage 
heat  found. 

Deviations 
from  mean. 

1911. 

Oct.  10 

I 

102.3 

1.6 

I 

98.8 

1.9 

II 

99.4 

1.3 

II 

99.2 

1.5 

11 

II 

102.2 

1.5 

II 

99.2 

1.5 

II 

102.1 

1.4 

99.1 

1.6 

I 

103.0 

2.3 

I 

102.3 

1.6 

I 

100.3 

0.4 

I 

100.3 

0.4 

Mean . 

100.  66 

1.4 

In  these  12  experiments,  with  both  heating  coils  used,  100.66  per  cent  of  heat  introduced  was  found,  with  an 
average  deviation  of  1.4  per  cent  from  the  mean. 

STANDARD  PYRHELIOMETER  NO.  3,  MOUNT  WILSON. 

Table  18. — Determinations  of  constant  of  secondary  A.  P.  0.  8  bis,  details  omitted. 


Date. 

Constant  sec¬ 
ondary,  8  bis, 
for  100  seconds. 

Deviation. 

Date. 

Constant  sec¬ 
ondary,  8  bis, 
for  100  seconds. 

Deviations. 

1911. 

1911. 

Oct.  14 

0. 3750 

0.  0020 

Oct.  31 

1  0.  3817 

47 

0. 3715 

55 

1  0.  3760 

10 

15 

0. 3765 

05 

Nov.  2 

0.  3762 

08 

0. 3845 

75 

0. 3806 

36 

16 

0. 3693 

77 

6 

0.  3798 

28 

0. 3753 

17 

0. 3727 

43 

0. 3808 

38 

7 

0. 3842 

78 

22 

0.  3694 

76 

0.  3840 

78 

0.  3740 

30 

0.  3795 

25 

25 

0. 3744 

26 

Mean . 

0. 3770 

0. 0038 

0. 3766 

04 

0. 3750 

20 

1  These  experiments  were  made  with  a  reduced  aperture  2.010  sq.  cm. 


From  these  21  observations  the  constant  of  secondary  A.  P.  O.  8  bis  is  0.3770±0.0007. 
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(B)  STANDARD  WATER-STIR  PYRHELIOMETER  NO.  4. 

Although  the  results  obtained  with  the  standard  water-flow  pyrheliometers 
No.  2  and  No.  3  seemed  to  indicate  that  the  true  scale  of  radiation  had  been  fixed 
within  perhaps  half  of  1  per  cent,  yet  the  difficulties  surrounding  this  determina¬ 
tion  seemed  to  be  so  great  that  it  was  deemed  best  to  confirm  the  results  by  inde¬ 
pendent  observations.  A  new  pyrheliometer  was  designed,  in  which  the  principle 
of  calorimetry  by  the  method  of  mixtures  was  employed. 

Referring  to  the  accompanying  figure  8,  AA  is  the  chamber  for  the  reception 
of  the  solar  rays,  which  is  protected  from  the  air  currents  by  a  vestibule,  not  shown. 
The  rear  end  of  the  solar  absorption  chamber  is  of  a  conical  construction  and  the 


Fig.  8.— The  water-stir  pyrheliometer.  General  cross-sectional  view. 

whole  is  blackened  inside  with  mixture  of  lampblack  with  alcohol  with  a  little 
shellac.  At  C  is  a  diaphragm  of  measured  aperture  for  admitting  the  solar  rays. 
The  water  surrounding  the  absorption  chamber  is  inclosed  in  the  calorimeter  vessel 
DD  and  is  agitated  very  vigorously  by  means  of  stirring  apparatus  BB  run  by  an 
electric  motor  from  without.1  A  platinum  resistance  thermometer  F  composed  of 
two  wires  of  pure  platinum  and  two  wires  of  manganin  is  wound  upon  an  insulating 
frame  between  the  chamber  A  A  and  the  calorimeter  wall  DD.  At  E  is  inserted  a 
standard  mercury  thermometer.  The  calorimeter  DD  is  inclosed  in  a  wooden  box, 
not  shown,  and  the  whole  box  and  surroundings  are  protected  from  temperature 
changes  by  means  of  a  large  quantity  of  cotton  wool. 

1  Many  experiments  have  convinced  us  that  very  rapid  and  thorough  stirring  is  indispensable  to  the  success  of  the 
observations. 
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The  platinum  resistance  thermometer  is  adjusted  by  means  of  a  variable  snunt 
around  one  of  the  manganin  resistance  wires.  The  adjustment  is  determined  by 
means  of  a  nearly  dead-beat  D’Arsonval  galvanometer.  At  G,  within  the  absorb¬ 
ing  chamber  AA,  is  introduced  a  coil  of  manganin  resistance  wire  through  which  a 
known  current  of  electricity  may  be  passed,  so  that  a  known  quantity  of  heat  may 
be  introduced  electrically  within  the  absorbing  chamber  and  its  effect  may  be  deter¬ 
mined  as  if  it  were  solar  heat. 

The  method  of  observing  with  this  instrument  is  as  follows:  An  approximate 
balance  of  the  platinum  thermometer  having  been  obtained,  the  observer  reads  the 
scale  of  the  galvanometer  each  30  seconds  and  makes  from  time  to  time  suitable 
changes  of  the  value  of  the  shunt  in  order  to  keep  the  reading  of  the  galvanometer 
at  approximately  a  constant  value.  The  series  of  readings  is  continued  for  upward 
of  20  minutes,  during  which  interval  suitable  introductions  of  solar  or  electrical 
heating  are  made.  The  series  of  readings  includes  a  determination  of  the  change  of 
the  temperature  of  the  calorimeter  before  and  after  each  introduction  of  electrical 
or  solar  heat,  as  well  as  the  change  of  temperature  during  the  heating  itself. 

In  order  to  determine  the  scale  of  the  galvanometer  readings  in  terms  of  tem¬ 
perature,  the  platinum  thermometer  was  balanced  from  time  to  time,  and  the  tem¬ 
perature  read  from  the  standard  mercury  thermometer  was  compared  with  the 
value  of  shunt  required  to  balance  the  platinum  thermometer.  The  observations 
made  in  this  manner  during  the  days  of  the  actual  heat  determinations  were  plotted 
on  a  scale  adequate  to  retain  the  accuracy  of  all  the  readings.  They  were  found  to 
fall  upon  excellent  smooth  curves,  so  that  the  departures  from  the  smooth  curves 
seldom  exceeded  one-hundredth  of  1  degree  in  temperature.  The  change  of  deflec¬ 
tion  on  the  galvanometer  corresponding  to  a  given  change  of  shunt  was  found  to  be 

well  expressed  by  the  following  formula:  D— Ki— where  D  is  the  galvanom¬ 
eter  deflection,  Ki  a  constant,  e  the  shunt  resistance,  and  A  its  change. 

Quite  similarly  the  change  of  temperature  corresponding  to  a  given  change  of 
shunt  was  found  to  be  well  expressed  by  the  following  formula: 


d£={K2+(e— e0)K3}- 


A 


-,  where  dt  is  the  temperature  change,  K2,  e0,  and  K3  are 


e(e+  A) 

constants,  and  A  and  e  have  the  same  significance  as  above.  The  constant  Kx  was 
determined  before  and  after  each  exposure  to  heating.  The  other  constants  K2, 
K3,  and  c0,  were  determined  on  each  day  of  observation. 

The  method  of  comparing  the  calorimeter  with  the  secondary  silver-disk  pyr- 
heliometers  was  as  follows :  The  solar  beam  was  reflected  from  the  Grubb  siderostat 
into  the  Observatory  through  a  plane  parallel  glass  window,1  and  fell  upon  the 
calorimeter  at  about  a  meter’s  distance  inside  of  the  window.  An  observer  with 
two  silver-disk  pyrheliometers  remained  outside  of  the  Observatory  and  determined 


1  The  window  waa  tilted  so  that  no  prejudicial  reflections  from  it  could  fall  in  the  pyrheliometers. 
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through  the  whole  period  of  each  experiment,  as  often  as  possible,  the  intensity  of 
the  rays  of  the  sun.  The  galvanometer  observer  read  another  silver-disk  pyrheli- 
ometer  placed  in  the  siderostat  beam  just  in  front  of  the  calorimeter,  while  he  was 
determining  the  cooling  corrections  before  and  after  each  exposure  of  the  calorime¬ 
ter.  The  watches  of  the  two  observers  were  adjusted  to  the  same  second,  and  the 
observations  made  with  the  silver-disk  pyrheliometers  outside  and  inside  the 
Observatory  were  begun  and  ended  at  the  same  time.  The  exposures  to  solar 
heating  made  with  the  calorimeter  continued  six  minutes,  and  while  they  were 
going  on  the  out-of-door  observer  exposed  one  silver-disk  pyrheliometer  twice,  and 
the  other  once,  so  as  to  cover  almost  the  whole  time  of  exposure  of  the  calorimeter. 

In  reducing  the  observations  the  ratio  between  the  simultaneous  readings  of 
secondary  pyrheliometers  outside  and  inside  the  Observatory  was  determined. 
Multiplying  the  out-of-door  readings  made  during  the  calorimeter  exposure  by  this 
ratio,  it  was  computed  what  the  silver-disk  pyrheliometer  would  have  read  in  the 
siderostat  beam,  could  it  have  been  exposed  during  the  time  of  exposure  of  the 
calorimeter. 

In  illustration  of  the  results  obtained  and  the  method  of  obtaining  them,  we 
give  the  following  data : 


STANDARD  WATER-STIR  PYRHELIOMETER  NO.  4. 


Table  19. — Details  of  determination  of  constant  of  secondary  'pyrheliometer,  A.  P.  0.  9,  Wash¬ 
ington,  November  21,  1912. 


A.— Corrected 
temperatures. 

B.— Shunt 
readings. 

C. — Time. 

A.— Corrected 
temperatures. 

B  ,—Sliunt 
readings. 

C.— Time. 

o 

ft. 

m. 

O 

ft. 

m. 

13. 442 

187.  28 

9 

15 

16.  818 

232.  62 

12 

40 

13.  926 

192. 89 

9 

35 

17.  360 

242.  38 

1 

45 

14.  736 

202. 58 

10 

13 

18. 076 

255.  58 

2 

45 

15. 175 

208. 42 

10 

25 

18.  390 

262.  20 

2 

50 

15. 476 

212. 37 

10 

40 

18.  952 

274. 30 

3 

1 

15.  990 

219. 95 

10 

50 

19.  396 

285.00 

3 

10 

16. 330 

225. 10 

12 

30 

19.  805 

295.  20 

3 

20 

These  values  plotted  on  a  very  large  scale  gave  the  relation  of  shunt  resistance 
to  temperature  for  the  day.  For  convenience  the  graphical  results  were  expressed 
by  the  formula: 

dt~{ 3200+rc)  7  A  N. 
v  'e(e+A) 


In  this  expression  the  several  symbols  have  the  significance  explained  above,  but  x 
is  a  quantity  obtained  by  inspection  from  a  secondary  plot. 

In  the  course  of  the  day  the  relation  between  galvanometer  deflection  and 


change  of  shunt  (expressed  by  the  formula  D=K 


A 

1e(e-\-  A) 


given  above)  was 
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14  times  determined,  giving  the  following  values  for  }- :  2498,  2457,  2455,  2488, 

Ki 

2498,  2432,  2499,  2423,  2477,  2480,  2482,  2486,  2471,  2457.  Mean:  2472. 

The  ratio  of  the  reading  of  secondary  pyrheliometer  A.  P.  O.  8  bis  to  A.  P.  O.  9, 
the  first  pointing  directly  at  the  sun,  the  second  in  the  siderostat  beam,  was  14 
times  determined  as  follows:  1.230,  1.232,  1.258,  1.226,  1.234,  1.270,  1.261,  1.267, 
1.240,  1.258,  1.231,  1.231,  1.238,  1.257.  Mean:  1.245. 

Secondary  pyrheliometry  A.  P.  O.  8  bis  was  read  14  times  and  secondary 
pyrheliometry  S.  I.  2  seven  times  during  seven  exposures  of  standard  No.  4. 

About  400  readings  of  the  galvanometer  were  made  to  determine  the  rates 
of  change  of  deflection  corresponding  to  the  seven  exposures  of  the  pyrheliometer 
to  sun  rays,  and  to  the  periods  of  cooling  preceding  and  following  each  exposure. 
The  experiments  lasted  from  llh  9m  a.  m.  to  2h  43m  p.  m.  All  galvanometer 
readings  were  plotted  as  a  function  of  the  times  on  a  scale  amply  adequate  to 
retain  their  accuracy,  and  the  rates  of  change  of  deflection  were  obtained  from  the 
plots.  All  rates  of  change  during  intervals  of  cooling  were  themselves  plotted  as 
a  function  of  the  time,  and  the  best  values  of  rates  of  change  of  deflection  for 
the  times  of  sun  exposure  were  interpolated  from  this  plot.  The  corrected  rates 
of  change  of  deflection  of  the  galvanometer  were  then  reduced  to  corresponding 
rates  of  change  of  temperature  in  the  manner  already  described,  and  these  results 
multiplied  by  the  water  equivalent  of  the  pyrheliometer  (which  was  828.9  grams) 
and  divided  by  the  aperture  of  the  limiting  diaphragm  (which  was  14.39  cm2). 
The  resulting  values  were  compared  with  the  readings  which  secondary  A.  P.  O.  9 
would  have  exhibited  at  the  corresponding  times,  these  readings  being  computed 
from  the  readings  actually  made  at  these  times  with  secondaries  A.  P.  O.  8  bis  and 
S.  I.  2. 

Summaries  of  the  measurements  on  the  heat  introduced  electrically  as  tests, 
and  on  the  constant  of  secondary  pyrheliometer  A.  P.  O.  9,  follow: 

STANDARD  WATER-STIR  PYRHELIOMETER  NO.  4. 


Table  20. — Heating  coil  tests. 


Date. 

Heat  intro¬ 
duced. 

Heat  found. 

Percentage. 

found. 

Deviations 
from  mean. 

1912 

Calories. 

Calories. 

Oct.  24.... 

99. 10 

98.  53 

99.  43 

0.  62 

24.  . . 

99. 10 

98.  61 

99.  51 

.54 

24.  .. 

99. 10 

99. 18 

100.  08 

.03 

26... 

98.  42 

98.  23 

99.  81 

.24 

26... 

106.  61 

106.  45 

99.  85 

.20 

26... 

98.  42 

100.  00 

101.  61 

1.  56 

Mean . . . 

100.  05 

.53 
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From  six  experiments  with  the  heating  coil,  100.05  per  cent  of  heat  introduced 
was  found  and  the  average  deviation  of  individual  observations  from  the  mean 
was  0.53  per  cent. 

STANDARD  WATER-STIR  PYRHELIOMETER  NO.  4. 

Table  21. — Determination  of  constant  of  secondary  'pyrheliometer  A.  P.  0.  9. 


Date. 

Standard  No.  4. 

Secondary  9, 
corrected  rise. 

„  , .  No.  4. 

Deviations. 

Katio  No  g_ 

1912. 

Calories. 

Nov.  16 

0. 5642 

1. 572 

0.  3590 

0.  0028 

16 

.5830 

1.  636 

.3564 

54 

16 

.5568 

1. 548 

.3598 

20 

16 

.5497 

1. 433 

.3837 

219 

16 

.4969 

1. 334 

.3725 

107 

16 

.4593 

1.  265 

.3631 

13 

19 

.4729 

1.  341 

.3528 

90 

19 

.  4856 

1.  371 

.3543 

75 

19 

.5305 

1.  472 

.3604 

14 

19 

.5372 

1.  419 

.3785 

167 

19 

.5265 

1.  438 

.3662 

44 

21 

.7167 

2.  012 

.3562 

56 

21 

.7729 

2. 150 

.3596 

22 

21 

.7361 

2.  034 

.3619 

1 

21 

.7148 

2.  015 

.3548 

70 

21 

.6878 

1.  929 

.3566 

52 

21 

.6636 

1.  840 

.3607 

11 

21 

.5530 

1.  551 

.3565 

53 

Mean . 

0.  3618 

0.  0062 

From  these  18  experiments  the  constant  of  secondary  pyrheliometer  A.  P.  O.  9 
is  0.3618^0.0012. 

(C)  COLLECTED  RESULTS  OF  COMPARISONS  OF  STANDARD  AND  SECONDARY 

PYRHELIOMETERS. 

The  following  summary  of  the  experiments  is  quoted  from  the  Smithsonian 
Miscellaneous  Collections,  Volume  60,  No.  18: 


Table  22. — Summary  of  heating  coil  tests. 


Pyrheliometer. 

Dates. 

Number 

tests. 

Heat  re¬ 
covered. 

Average 

deviation. 

Water-flow  2 . . 

1910— May  12,  16,  25,  26,  31;  June  7 . 

21 

Per  cent. 

99. 1 

Per  cent. 

1.8 

Water-flow  3 . . 

1910— Apr.  18,  22,  23 . 

16 

99.  85 

0.  63 

Water-flow  3 .  . 

1911— Oct.  10,  11 . 

12 

100.  66 

1.4 

Water-stir  4. . . 

1912— Oct.  24, 25 . 

6 

100.  05 

0.  53 
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From  these  experiments  it  appears  that  the  test  quantities  of  electrical  heat¬ 
ing  were  recovered  by  each  instrument  to  within  1  per  cent  of  the  quantity  intro¬ 
duced. 

The  results  of  comparisons  of  the  standard  pyrheliometers  with  secondary 
pyrheliometers  are  summarized  in  the  following  table: 

Table  23. — Summary  of  determinations  of  constants  of  secondary  'pyrheliometers. 


Dates. 

Number 

comparisons. 

Standard 

used. 

Secondary  used. 

Ratio 

Standard 

Secondary. 

Probable 

error. 

1910 — May  10,  17,  28;  June  4. . 

16 

2 

A. P.O.8 . 

0.  3772 

0.  0022 

1910— Apr.  22. . . . 

6 

3 

A. P.O.8 . 

.3765 

.0009 

1910— Oct.  31;  Nov.  1. . 

8 

3 

A.P.O.IV . 

.  5149 

.0013 

fA.P.0.8bis . 

.3792 

.0018 

1911 — June  27 . 

3 

3 

[A.P.O.IV . 

.5094 

.0011 

1911— Oct.  14,  15,  16,  22,  25,  31;  Nov.  2, 

6,  7 . 

21 

3 

A.P.0.8bis . 

.  3770 

.0007 

1912— Nov.  16,  19,  21 . 

18 

4 

A. P.O.9 . 

.3618 

.0012 

Intercomparisons  between  the  secondary  pyrheliometers  named  in  the  pre¬ 
ceding  table  are  as  follows: 


Table  24. — Inter  comparisons  of  secondaries. 


Dates. 

Number 

comparisons. 

Secondaries  used. 

„  x.  A 
Ratio  jj 

Probable 

error. 

A. 

B. 

1910 — June  21... . 

17 

S.I.  5 . 

A.P.O.  8 . 

1.  0242 

0.  0019 

1911— Apr.  25 . 

7 

S.I.  5 . 

A.P.O.  8b is . 

1.  0389 

.  0019 

1912— Dec.  20 . 

18 

S.I.  5 . 

A.P.O.  8bis . 

1.  0281 

.  0013 

1909— Oct.  23,  31 . 

9 

A. P.O.8 . 

A.P.O.  IV . 

1.  3611 

.0021 

1911 — June  22,  28;  Sept.  14 . 

19 

A.P.O.  8b is . 

A.P.O.  IV. . . . 

1.  3518 

.  0017 

1910— July  28. . . . . 

6 

A. P.O.9...... . 

A.P.O.  IV......... 

1.  3820 

.0008 

1911 — June  28 . 

8 

A.P.O.  9 . 

A.P.O.  IV . 

1.  4102 

.  0046 

1911— June  28 . 

8 

A.P.O.  9 . 

A.P.O.  8b is . 

1.  0469 

.  0010 

1912— Feb.  6,  10 . 

12 

A.P.O.  9 . 

A.P.O.  8bis . 

1.  0328 

.0011 

1912— Nov.  8 . 

10 

A.P.O.  9. . 

A.P.O.  8b is . 

1.  0470 

.  0013 

1912— Nov.  11 . . . 

19 

A.P.O.  9 . 

A.P.O.  8bis . 

1.  0445 

.0014 

Combining  the  results  of  the  two  preceding  tables  we  obtain  the  following 
constants,  which  we  now  adopt  for  the  secondary  pyrheliometers  named  above. 
These  constants  and  others  which  are  derived  from  them  in  the  remainder  of  this 
paper  we  designate  as  Smithsonian  Revised  Pyrheliometry  of  1913: 

86053°— 13 — 6 
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From 

From 

From 


S.I.  5 
A.P.O.  8 


and 


A.P.O.  8 
A.P.O.  IV 


and 


A.P.O.  9 
A.P.O.  8 bis 


S.I.  5 


A.P.O.  8bis 
A.P.O.  8bis 


we  find 


we  find 


A.P.O.  IV 

(49  values)  we  find 


A.P.O.  8  1.0311 

A.P.O.  8bis“  1.0242“ 
A.P.O.  8  1.3611 

A.P.O.  8bis“  1.3518“ 
A.P.O.  9 
A.P.O.  8bis 


1.0068 

1.0068 

1.0426 


From 


From 


A.P.O.  9 
A.P.O.  IV 
A.P.O.  8bis 


,  A.P.O.  8bis  „  , 

and  a  p  q  XV  we 


A.P.O.  9  1.3981 


A.P.O.  8 bis  1.3518 


,irv  •,  \  n  j  A.P.O.  IV 

(19  values)  we  find  X  PQ~8bis  = 


=  1.0343 


0.7398 


A.P.O.  IV 

A  P  O  8 

These  results  leave  no  choice  as  to  the  values  to  be  adopted  for  A  P  O  8bis 
and  but  are  less  satisfactory  as  regards  AJ^O^Sbis'  however,  it  will 


be  seen  that  the  discordance  in  this  ratio  almost  wholly  depends  on  the  six 


comparisons 


A.P.O.  9 
A.P.O.  IV 


of  July  28,  1910. 


It  is  possible  that  A.P.O.  9  was  inad¬ 


vertently  not  fully  exposed  at  this  time.  We  shall  adopt: 


otskt1-0068- 


A.P.O.  9 
A.P.O.  8 bis 


=  1.0426. 


A.P.O.  IV 
A.P.O.  8bis 


=  0.7398 


-r.  Standard  2  .  A.P.O.  8  n  ,  Standard  2  .  0__0 

From  -  .  -r>  ^  0  ■  and  .  n  o1  .  we  find  twtww  =  0.3772  x  1.0068  =  0.3798 


From 


A.P.O.  8 
Standard  3 
A.P.O.  8 


A.P.O.  8bis 


A.P.O.  8bis 


and  we  find  Standard  3  =  0>3765  x  1  i0068  =  0.3791 


A.P.O.  8 bis 


A.P.O.  8bis 


^  Standard3  ,  A.P.O.  IV  ~  ,  Standard  3  _  _ono  n  oonn 

From  .  Tp.  A-Tff  and  -A  t> -wr- ■  we  find  ■  ^  ^  o1  .  =0.5149x0.7398  =  0.3809 


From 


A.P.O.  IV 

Standard  4 
A.P.O.  9 


A.P.O.  8bis  vvo  ^  A.P.O.  8bis 

also  0.5094x0.7398  =  0.3768 

and  we  find  Standard_4  =  0>3618  x  j  .0426  =  0.3772 


A.P.O.  8bis 


A.P.O.  8bis 


Besides  these  values  we  have  given  two  direct  comparisons  of  A^^Q^Sbis 

In  combining  the  results  to  obtain  the  best  value  of  the  constant  of  Secondary 
Pyrheliometer  A.P.O.  8bis,  we  have  been  guided  by  the  view  that  a  completely 
independent  set-up  of  apparatus  is  a  more  weighty  condition  than  is  a  small  probable 
error.  This  amounts  to  saying  that  we  have  considered  constant  errors  of  more 
importance  than  accidental  ones.  But  admitting  this,  we  have  also  taken  some 
notice  of  the  number  of  observations  made  on  different  occasions,  and  of  their 
accordance.  These  considerations  have  led  us  to  the  following  values  for  constant 
of  Secondary  Pyrheliometer  A.P.O.  8bis: 


Value . 

0.  3798 

0.  3791 

0.  3809 

0.  3768 

0.  3792 

0.  3770 

0.  3772 

Weight . 

3 

3 

3 

1 

1 

4 

3 

Standard  at . j 

No.  2 
Washn. 

No.  3 
Washn. 

No.  3 

Mt.  Wilson. 

No.  3 

Mt.  Wilson. 

No.  3 

Mt.  Wilson. 

No.  3 

Mt.  Wilson. 

No.  4 
Washn. 

Mean  0.3786±0.0003 
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From  the  same  publication  just  cited  are  taken  the  following  intercomparisons 
and  constants  of  various  pyrheliometers  used  in  these  researches  and  a  summary : 

Table  25. — Constants  of  secondary  'pyrheliometers. 


Date. 

Number 

compari¬ 

sons. 

Secondaries  used. 

_  A 

Ratio  g 

Probable 

error. 

A. 

B. 

1908— Apr.  2 . . . 

6 

A.  P.  O.  V. _ 

A.P.O.IV _ 

1. 0615 

0. 0050 

1908— Apr.  16,  29 . 

9 

A.P.O.V . 

A.P.O.  VII.... 

1.  0786 

.0035 

1908— May  28 . . 

13 

A.P.O.V. .... 

A.  P.  O.  VIII... 

1.  0815 

.0016 

1910— Dec.  8 . . . . . 

5 

A.P.O.V . 

A.  P.  0.8...... 

0.  7864 

.0012 

1910— Dec.  13,  15 . . . 

11 

A.  P.  O.V . 

A.  P.  0. 8  bis. . . 

0.  7969 

.0024 

1911— Jan.  19,  20,  23,  24 . 

34 

A.P.O.  V . 

A.  P.  O.  8 bis. . . 

0.  7927 

.0013 

1908 — May  22-June  3. . . . . 

75 

A.  P.  O.  IV.  . . . 

A.P.O.  VII.... 

0.  9905 

.0010 

1909 — June  1-Sept.  1 . 

160 

A.P.O.IV _ 

A.P.O.  VII.... 

0.  9955 

.0007 

1910— May  17-Oct.  25. . . . 

700 

A.  P.  O.  IV.... 

A.P.O.  VII.... 

0.  9892 

.0005 

1912 — May  4-Aug.  12 . 

60 

A.  P.  O.  IV _ 

A.P.O.  VII.... 

0.  9892 

.0012 

Instrument. 


New  constant 
1913.1 


Old  values. 


Where  sent. 


A.P.O.IV . 

A.P.O.V . 

A.  P.  0.  VII..... 

A.  P.  0.  VIII _ 

A.  P.0.8.  . . 

A.  P.  O.  8  bis . 

A.  P.0.9. ....... 


0.5118 

0.4776 
0.  5072 
0.  5150 
0.  3760 
0.  3786 
0.  3631 


2  0. 902 
2  0.  858 
2  0.  848 


0.  3805 
0.  3683 


Mount  Wilson,  Cal. 

Washington,  D.  C. 

Mount  Wilson,  Cal. 

(1)  U.  S.  Weather  Bureau;  (2)  Mount  Wilson. 
Washington  and  Mount  Wilson. 

Do. 

Washington,  Mount  Wilson,  Mount  Whitney,  and  Algeria. 


1  These  values  are  the  factors  by  which  the  corrected  temperature  rise  in  100  seconds  is  to  be  multiplied  to  reduce 
the  readings  to  calories  (15°  C.)  per  square  centimeter  per  minute. 

2  For  60-second  exposures.  From  Annals,  Vol.  II,  and  later  publications. 


D.  SUMMARY. 


A  new  form  of  standard  pyrheliometer  has  been  devised  and  tested.  In  this 
new  instrument,  as  in  the  water-flow  pyrheliometers,  the  solar  rays  are  absorbed  in 
a  deep  chamber  approximating  to  the  perfect  absorber  or  “  black  body.”  Means  are 
provided  for  introducing  electrically  test  quantities  of  heat. 

It  is  shown  that  with  standard  water-flow  pyrheliometer  Nos.  2  and  3,  and  the 
new  water-stir  pyrheliometer  No.  4,  test  quantities  of  heat  may  be  measured  to 
within  1  per  cent. 

A  summary  is  given  of  all  definitive  comparisons  of  the  three  standards  just 
named  with  secondary  silver-disk  pyrheliometers,  and  also  the  net  of  intercompari¬ 
sons  connecting  all  Smithsonian  secondary  pyrheliometers  now  in  use.  From  these 
data  are  derived  the  best  values  of  the  constants  of  all  these  secondary  pyrheliometers. 
This  system  of  pyrheliome try  we  call  “  Smithsonian  Revised  Pyrheliometry  of  1913.” 
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It  rests  on  72  comparisons  on  20  different  days  of  3  different  years  with  3 
standard  pyrheliometers  of  different  dimensions  and  2  widely  different  principles  of 
measurement,  all  capable  of  recovering  and  measuring  within  1  per  cent  test  quan¬ 
tities  of  heat,  and  all  closely  approximating  to  the  “absolutely  black  body.”  The 
72  comparisons,  40  at  Washington,  32  at  Mount  Wilson,  were  made  in  6  groups. 
The  maximum  divergence  of  the  mean  results  of  these  groups  is  1  per  cent.  Hence 
it  is  believed  that  the  mean  result  of  all  the  comparisons  made  under  such  diverse 
circumstances  must  be  within  0.5  per  cent  of  the  truth.  The  probable  error  is  0.1 
per  cent.  It  is  believed  that  this  standard  scale  is  reproducible  by  the  secondary 
pyrheliometers  with  the  adopted  constants  given  to  within  0.5  per  cent.  The 
divergence  of  this  scale  from  that  of  Angstrom  appears  to  be  3.9  per  cent. 


Chapter  IV, 


RESULTS  OF  MEASUREMENTS  OF  THE  INTENSITY  OF  SOLAR 

RADIATION. 

Jn  the  preceding  chapters  and  in  Volume  II  of  these  Annals  have  been  given 
the  details  of  the  means  and  methods  adopted  and  the  degree  of  accuracy  to  be 
expected  in  our  measurements  of  the  intensity  of  the  solar  radiation.  In  volume  2 
of  these  Annals  were  given  the  results  obtained  at  Washington  and  Mount  Wilson 
in  the  years  1902  to  1907,  inclusive.  The  present  chapter  will  be  principally  con¬ 
cerned  with  the  results  obtained  at  Mount  Wilson,  Mount  Whitney,  and  Bassour, 
Algeria,  in  the  years  1908  to  1912,  inclusive.  Inasmuch  as  the  standard  scale  of 
pyrheliometry  is  now  believed  to  be  established,  some  of  the  more  important  results 
obtained  in  the  years  1902  to  1907  will  be  restated  here,  as  reduced  from  the  pro¬ 
visional  scale  of  pyrheliometry  which  was  adopted  in  volume  2  of  these  Annals  to 
the  present  scale  called  “Smithsonian  Revised  Pyrheliometry  of  1913,”  which  is 
here  adopted. 

The  aim  of  the  investigation  is  to  determine  the  mean  intensity  of  the  solar  radi¬ 
ation  which  reaches  the  planet  Earth,  the  variation  of  the  intensity  depending  upon 
changes  of  the  solar  emission,  and  the  alteration  in  quality  and  quantity  to  which 
the  solar  radiation  is  subject  during  its  passage  through  the  atmosphere  toward  the 
soil,  apart  from  the  obstruction  offered  by  visible  clouds.  The  method  of  investiga¬ 
tion  comprises  measurements  of  the  total  intensity  of  the  solar  beam  as  it  reaches 
the  earth’s  surface  combined  with  other  measurements  adapted  to  enable  us  to 
estimate  the  losses  which  occur  in  the  atmosphere.  The  investigation  is  carried 
out  by  the  aid  of  the  pyrheliometer  and  the  spectrobolometer,  and  all  determina¬ 
tions  to  be  here  given  of  the  intensity  of  the  solar  radiation  outside  the  atmosphere, 
or  solar  constant  of  radiation,  so  called,  are  computed  from  the  combined  results  of 
measurements  with  these  two  instruments.  The  method  of  making  and  combining 
these  measurements  is  given  in  the  description,  syllabus,  and  illustrative  examples 
which  form  Chapter  I  of  the  present  volume. 

PYRHELIOMETER  MEASUREMENTS. 

In  the  following  tables  are  included  all  the  more  important  pyrheliometer  obser¬ 
vations  made  at  Mount  Wilson,  Mount  Whitney,  and  Bassour,  Algeria,  since  1908.1 

1  To  save  space  we  have  omitted  the  readings  of  Pyrheliometer  VII  on  Mount  Wilson.  This  instrument  is  always 
read  alternately  with  Pyrheliometer  IV,  as  explained  in  Chapter  I,  but  its  readings  are  so  nearly  like  those  of  No.  IV 
that  no  useful  information  is  added  by  publishing  them. 
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With  each  day  of  observation  is  given  the  initials  of  the  observer  and  the  designa¬ 
tion  of  the  instrument  employed.  The  three  columns  which  follow  include  (1)  the 
sun’s  hour  angle;  (2)  the  secant  of  the  sun’s  zenith  distance;  (3)  the  reading  of  the 
pyrheliometer.  A  multiplier  is  given  to  reduce  the  readings  to  calories  per  square 
centimeter  per  minute  on  the  basis  of  the  Smithsonian  Revised  Pyrheliometry  of 
1913. 1 

Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908. 


[Pyrheliometer  A.  P.  0.  IV.2—  Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

May  19,  a.  m.3  4 

ft.  m. 

5  44 

4.085 

1.348 

40 

3.875 

1.412 

36 

3.682 

1.452 

32 

3.510 

1.413 

28 

3.353 

1.505 

24 

3.207 

1.519 

20 

3.074 

1.500 

16 

2.952 

1.528 

04 

2.640 

1.649 

00 

2.553 

1.606 

4  56 

2.470 

1.583 

52 

2.395 

1.640 

48 

2.323 

1.745 

27 

2.011 

1.718 

3  07 

1.384 

1.948 

03 

1.364 

1.952 

2  59 

1.346 

1.957 

14 

1.192 

1.938 

03 

1.165 

1.954 

1  59 

1.157 

1.952 

55 

1.148 

2.002 

30 

1.101 

1.986 

26 

1.095 

2.031 

22 

1.089 

2.019 

0  59 

1.060 

1.980 

55 

1.056 

2.014 

51 

1.052 

2.014 

30 

1.040 

2.004 

26 

1.037 

2.021 

24 

1.036 

2.021 

0  03 

1.030 

2.041 

West 

0  01 

1.030 

1.999 

0  05 

1.031 

1.988 

May  22,  a. 

m.3 4 

5  41 

3.850 

1.185 

37 

3.656 

1.256 

33 

3.490 

1.226 

25 

3.190 

1.289 

21 

3.057 

1.337 

17 

2.936 

1.321 

13 

2.825 

1.342 

May  22,  a.  m. 


ft.  TCI. 
5  09 
05 
01 
4  57 
53 
49 
45 
41 
37 
33 
29 
25 
21 
17 
3  59 
41 
37 
10 
06 
02 
2  31 
27 
23 
19 


2.724 
2.629 
2.542 
2.463 
2.387 
2.314 
2.248 
2. 185 
2. 126 
2.072 
2.020 
1.970 
1.923 
1.878 
1.707 
1.568 
1.540 
1.390 
1.370 
1.350 
1.235 
1.223 
1.211 
1.200 


1.337 

1.379 

1.403 

1.419 

1.438 

1.444 

1.472 

1.470 

1.510 

1.489 

1.475 

1.548 

1.551 

1.537 

1.574 

1.601 

1.606 

1.632 

1.629 

1.666 

1.692 

1.657 

1.688 

1.679 


May  23,  a.  m.s 


3.725 
3.551 
3.393 
3.104 
2. 980 
2.866 
2.664 

2.578 
2.495 
2. 416 
2. 195 
2. 136 
2.081 
1.977 
1.930 
1.606 

1.578 


1.234 

1.269 

1.293 

1.338 

1.316 

1.373 

1.405 

1.425 

1.432 

1.448 

1.487 

1.520 

1.541 

1.537 

1.557 

1.603 

1.623 


May  23,  a.  m. 


ft.  m. 
3  25 
17 
13 
09 
2  44 
40 
36 
28 
24 
07 


1.468 

1.420 

1.400 

1.380 

1.277 

1.261 

1.248 

1.224 

1.212 

1.168 


1.636 

1.617 

1.649 

1.675 
1.671 
1.673 
1.654 
1.685 
1.680 

1.676 


May  24,  a.  m.s 


3.530 

3.374 

3.228 

3.092 

2.852 

2.747 

2.654 

2.464 

2.388 

2.317 

2.172 

2.116 

2.062 

1.948 

1.621 

1.590 

1.561 

1.367 

1.349 

1.333 

1.239 

1.227 

1.215 

1.168 

1.158 

1.150 


1.282 

1.297 

1.315 

1.323 

1.389 

1.382 

1.404 

1.418 

1.438 

1.473 

1.504 

1.522 

1.512 

1.552 

1.633 

1.623 

1.603 

1.657 

1.651 

1.670 

1.660 

1.693 

1.688 

1.694 
1.732 
1.690 


May  26,  a.  m.s 


5  33 
29 


3.417 

3.272 


1.309 

1.340 


H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

May  26,  a.  m. 

May  27,  a.  m. 

ft.  m. 

ft.  m. 

5  25 

3.136 

1.378 

2  47 

1.284 

1.746 

21 

3.006 

1.401 

43 

1.268 

1.739 

13 

2.785 

1.440 

18 

1.189 

1.762 

09 

2.686 

1.476 

14 

1.177 

1.713 

05 

2.592 

1.453 

10 

1.168 

1.759 

4  57 

2.431 

1.471 

00 

1. 148 

1.758 

53 

2.356 

1.500 

1  56 

*  1. 140 

1.770 

49 

2.285 

1.525 

52 

1.132 

1.750 

41 

2. 160 

1.562 

23 

1.928 

1.593 

Mav  28.  a.  in.3 

19 

1.883 

1.604 

15 

1.840 

1.621 

3  36 

1.524 

1.661 

5  34 

3.412 

1.337 

32 

1.500 

1.695 

30 

3.270 

1.376 

28 

1.476 

1.690 

26 

3.138 

1.404 

24 

1.452 

1.701 

18 

2.893 

1.417 

07 

1.366 

1.721 

14 

2.784 

1.449 

2  46 

1.282 

1.762 

10 

2.685 

1.456 

42 

1.266 

1.739 

06 

2.600 

1.466 

38 

1.252 

1.734 

4  57 

2.412 

1.507 

09 

1.166 

1.764 

53 

2.340 

1.528 

1  59 

1.146 

1.790 

49 

2.272 

1.539 

55 

1.140 

1.763 

34 

2.051 

1.559 

30 

2.000 

1.606 

26 

1.952 

1.593 

May  27,  a.  m.3 

10 

1.785 

1.650 

3  51 

1.625 

1.659 

5  31 

3.323 

1.323 

47 

1.595 

1.680 

27 

3.184 

1.324 

28 

1.470 

1.705 

23 

3.053 

1.353 

24 

1.446 

1.688 

19 

2.929 

1.370 

16 

1.405 

1.699 

10 

2.699 

1.409 

2  56 

1.316 

1.733 

06 

2.604 

1.439 

52 

1.300 

1.723 

02 

2.518 

1.480 

48 

1.284 

1.735 

4  48 

2.260 

1.467 

24 

1.207 

1.721 

44 

2.198 

1.519 

20 

1.195 

1.747 

40 

2. 140 

1.541 

16 

1.183 

1.765 

28 

1.983 

1.543 

12 

1.172 

1.760 

24 

1.935 

1.588 

04 

1.156 

1.754 

04 

1.734 

1.626 

3  46 

1.588 

1.658 

May  29.  a.  m.3 

42 

1.560 

1.664 

26 

1. 460 

1.694 

22 

1.438 

1.686 

5  37 

3.523 

1.333 

12 

1.388 

1.717 

33 

3.366 

1.350 

1  The  corresponding  multipliers  given  in  Annals  Vol.  II,  Table  13,  may  be  reduced  to  Smithsonian  Revised  Pyrheliometry  of  1913  by 
multiplying  them  by  0.9457. 

2To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 

4  Pyrheliometer  A.  P.  O.  VI  used  on  May  19.  To  reduce  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.770. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 


[Pyrheliometer  A.  P.  O.  IV.' — Observers,  C.  G.  A.  and  L.  B.  A.) 


H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

May  29,  a.  m. 

June  3,  a.  m. 

June  5  a.  m. 

June  7,  a.  m. 

June  9,  a.  m. 

7 1. 

m. 

h. 

m. 

h. 

m. 

ft. 

h.  to. 

5 

29 

3.226 

1.360 

5 

n 

2.665 

1.293 

4 

53 

2.293 

1.338 

4 

27 

1.927 

1.537 

4 

57 

2.348 

1.554 

25 

3.097 

1.364 

07 

2.575 

1.283 

49 

2.229 

1.339 

23 

1.884 

1.524 

53 

2.280 

1.555 

21 

2.973 

1.392 

4 

58 

2.393 

1.341 

45 

2.169 

1.345 

02 

1.686 

1.574 

49 

2.216 

1.552 

11 

2.703 

1.418 

54 

2.323 

1.357 

31 

1.981 

1.371 

3 

51 

1.601 

1.588 

30 

1.960 

1.629 

07 

2.609 

1.420 

50 

2.256 

1.381 

27 

1.934 

1.415 

47 

1.573 

1.562 

26 

1.913 

1.618 

4 

55 

2.371 

1.488 

46 

2. 195 

1.399 

06 

1.726 

1.478 

43 

1.546 

1.607 

07 

1.727 

1.644 

43 

2. 177 

1.537 

34 

2.027 

1.453 

3 

52 

1.614 

1.509 

22 

1.422 

1.625 

3 

50 

1.593 

1.687 

31 

2.009 

1.578 

30 

1.978 

1.423 

48 

1.586 

1.513 

18 

1.402 

1.639 

46 

1.565 

1.688 

27 

1.961 

1.579 

26 

1.931 

1.425 

21 

1.421 

1.565 

14 

1.383 

1.649 

26 

1.440 

1.713 

07 

1.755 

1.610 

13 

1.795 

1.470 

17 

1.401 

1.574 

10 

1.364 

1.669 

22 

1.420 

1.716 

3 

54 

1.644 

1.620 

09 

1.759 

1.479 

13 

1.381 

1.590 

2 

50 

1.281 

1.701 

18 

1.400 

1.701 

46 

1.588 

1.651 

3 

31 

1.480 

1.559 

37 

1.237 

1.603 

46 

1.266 

1.702 

14 

1.380 

1.743 

25 

1.450 

1.667 

27 

1.456 

1.585 

33 

1.225 

1.627 

42 

1.252 

1.712 

2 

38 

1.237 

1.765 

17 

1.409 

1.685 

15 

1.395 

1.623 

29 

1.213 

1.606 

17 

1.180 

1.722 

34 

1.225 

1.747 

13 

1.389 

1.687 

11 

1.375 

1.603 

03 

1.148 

1.661 

13 

1.170 

1.740 

30 

1.213 

1.765 

2 

34 

1.236 

1.732 

07 

1.356 

1.618 

1 

59 

1.138 

1.652 

09 

1.160 

1.743 

04 

1.147 

1.809 

30 

1.224 

1.736 

2 

38 

1.244 

1.670 

55 

1.130 

1.646 

05 

1.151 

1.747 

1 

56 

1.130 

1.776 

26 

1.212 

1.753 

34 

1.232 

1.640 

51 

1.122 

1.646 

52 

1.122 

1.792 

05 

1.157 

1.748 

26 

1.208 

1.637 

01 

1.149 

1.757 

22 

1.196 

1.691 

June  6,  a.  m.2 

June  12,  a.  m.2 

1 

57 

1.141 

1.762 

5 

37 

3. 395 

1.300 

’  ° 

5 

35 

3.339 

1.058 

33 

3.249 

1.319 

5 

36 

3.327 

1.311 

May  30,  a.  m.2 

32 

3.258 

1.023 

31 

3.197 

1.098 

29 

3.116 

1.358 

32 

3.186 

1.333 

5 

27 

3.068 

1. 123 

25 

2. 992 

1.375 

28 

3.081 

1.352 

5 

32 

3.311 

1.336 

28 

3.122 

1.025 

23 

2.944 

1.125 

21 

2.878 

1.393 

24 

2.944 

1.388 

28 

3.177 

1.365 

24 

2. 994 

1.062 

19 

2.833 

1.145 

13 

2.674 

1.414 

20 

2.834 

1.394 

24 

3.052 

1.366 

20 

2.878 

1.114 

07 

2.554 

1.223 

09 

2.584 

1.434 

16 

2.729 

1.400 

20 

2.932 

1.403 

16 

2.777 

1.130 

4 

52 

2.272 

1.296 

4 

59 

2.384 

1.487 

12 

2.631 

1.414 

11 

2.693 

1.403 

07 

2.570 

1.219 

48 

2.210 

1.313 

55 

2.314 

1.512 

03 

2.444 

1.456 

07 

2.603 

1.459 

03 

2.487 

1.197 

44 

2.150 

1.307 

51 

2.247 

1.511 

4 

59 

2.372 

1.450 

03 

2.517 

1.475 

4 

59 

2.408 

1.232 

26 

1.920 

1.363 

32 

1.984 

1.577 

55 

2.301 

1.509 

4 

54 

2.341 

1.496 

45 

2. 176 

1.282 

22 

1.876 

1.399 

28 

1.936 

1.577 

51 

2.235 

1.523 

50 

2.276 

1.527 

41 

2.119 

1.319 

3 

48 

1.585 

1.473 

24 

1.891 

1.587 

40 

2.078 

1.567 

46 

2.215 

1.510 

30 

1.975 

1.362 

44 

1.557 

1.499 

03 

1.692 

1.625 

36 

2.026 

1.574 

33 

2.031 

1.559 

26 

1.928 

1.350 

27 

1.449 

1.516 

3 

48 

1.579 

1.652 

32 

1.977 

1.561 

29 

1.980 

1.554 

22 

1.884 

1.375 

23 

1.429 

1.514 

44 

1.551 

1.667 

28 

1.929 

1.567 

25 

1.934 

1.562 

18 

1.842 

1.403 

19 

1.409 

1.538 

40 

1.524 

1.680 

24 

1.884 

1.592 

05 

1.734 

1.607 

3 

39 

1.528 

1.490 

15 

1.389 

1.534 

21 

1.415 

1.722 

3 

48 

1.573 

1.650 

3 

50 

1.609 

1.632 

35 

1.502 

1.527 

2 

63 

1.293 

1.572 

17 

1.395 

1.688 

44 

1.545 

1.632 

46 

1.581 

1.633 

08 

1.360 

1.565 

49 

1.277 

1.578 

13 

1.376 

1.716 

40 

1.519 

1.659 

27 

1.463 

1.675 

04 

1.342 

1.586 

45 

1.262 

1.581 

2 

39 

1.240 

1.756 

16 

1.387 

1.715 

23 

1.440 

1.673 

00 

1.326 

1.578 

19 

1.185 

1.627 

35 

1.228 

1.753 

12 

1.367 

1.710 

19 

1.420 

1.701 

2 

56 

1.309 

1.559 

15 

1.174 

1.609 

31 

1.216 

1.763 

08 

1.350 

1.692 

15 

1.400 

1.694 

34 

1.229 

1.582 

11 

1.164 

1.604 

03 

1.144 

1.777 

2 

45 

1.258 

1.726 

2 

50 

1.292 

1.710 

06 

1.155 

1.636 

07 

1.155 

1.622 

1 

59 

1.136 

1.780 

41 

1.246 

1.730 

46 

1.276 

1.744 

02 

1.145 

1.606 

55 

1.128 

1.793 

37 

1.233 

1.698 

42 

1.261 

1.740 

1 

58 

1.137 

1.603 

June  7,  a.  m.2 

51 

1.120 

1.778 

02 

1.140 

1.748 

25 

1.210 

1.754 

54 

1.129 

1.615 

1 

58 

1.132 

1.733 

21 

1.198 

1.753 

5 

37 

3.405 

1.277 

June  9,  a.  m.2 

54 

1.124 

1.720 

17 

1. 186 

1.741 

June  5,  a.  m.2 

33 

3.258 

1.304 

50 

1.116 

1.710 

09 

1.164 

1.734 

29 

3. 122 

1. 310 

5 

34 

3.284 

1.410 

5 

32 

3.240 

1.083 

25 

2. 997 

1.313 

30 

3.148 

1.438 

June  13,  a.  m.2 

June  3,  a.  m.2 

28 

3.106 

1.160 

21 

2.883 

1.332 

26 

3.022 

1.450 

24 

2.980 

1.176 

12 

2.657 

1.361 

22 

2.904 

1.463 

5 

34 

3.254 

1.392 

5 

33 

3.303 

1.202 

20 

2.865 

1.217 

08 

2.568 

1.369 

18 

2.798 

1.489 

30 

3.122 

1.403 

29 

3.164 

1.240 

16 

2.765 

1.239 

04 

2.486 

1.371 

14 

2.698 

1.482 

26 

3.001 

1.404 

25 

3.034 

1.231 

12 

2.671 

1.268 

00 

2.408 

1.391 

05 

2.50 

1.509 

22 

2.888 

1.440 

21 

2.914 

1.273 

04 

2.498 

1.290 

4 

52 

2.267 

1.429 

01 

2.422 

1.557 

18 

2.781 

1.458 

i  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 
8  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.' — Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

June  13,  a.  m. 

ft.  m. 

5  14 

2.679 

1.465 

04 

2.463 

1.506 

4  52 

2.251 

1.560 

48 

2.190 

1.558 

44 

2. 131 

1.573 

31 

1.965 

1.612 

27 

1.917 

1.609 

06 

1.712 

1.654 

3  48 

1.573 

1.688 

44 

1.545 

1.676 

40 

1.519 

1.689 

36 

1.495 

1.713 

27 

1.443 

1.701 

09 

1.354 

1.746 

05 

1.338 

1.718 

01 

1.322 

1.733 

2  41 

1.246 

1.744 

37 

1.233 

1.752 

33 

1.221 

1.731 

14 

1.170 

1.772 

10 

1.160 

1.774 

06 

1.151 

1.754 

June  16,  a. 

m.1 2 

5  37 

3.344 

1.237 

33 

3.202 

1.263 

29 

3.075 

1.276 

25 

2.957 

1.310 

21 

2.847 

1.316 

17 

2.742 

1.326 

08 

2.533 

1.358 

04 

2.453 

1.399 

4  53 

2.258 

1.418 

49 

2.195 

1.460 

31 

1.959 

1.497 

27 

1.912 

1.504 

3  49 

1.576 

1.566 

45 

1.548 

1.564 

23 

1.419 

1.605 

19 

1.399 

1.593 

15 

1.380 

1.602 

2  51 

1.280 

1.645 

47 

1.264 

1.679 

43 

1.250 

1.668 

07 

1.152 

1.729 

03 

1.143 

1.717 

1  59 

1.134 

1.714 

55 

1.126 

1.727 

June  17,  a. 

m.2 

5  36 

3.307 

1.407 

32 

3.169 

1.432 

28 

3.045 

1.443 

24 

2.929 

1.471 

12 

2.621 

1.514 

04 

2.453 

1.529 

H.  A. 

Sec.  Z. 

R. 

June  19,  a.  m. 

ft.  m. 

4  51 

2.226 

1.593 

47 

2. 166 

1.613 

43 

2.110 

1.616 

24 

1.879 

1.639 

20 

1.835 

1.644 

00 

1.660 

1.689 

3  44 

1.541 

1.704 

40 

1.516 

1.700 

36 

1.492 

1.689 

11 

1.361 

1.728 

07 

1.343 

1.713 

03 

1.327 

1.723 

2  44 

1.254 

1.737 

40 

1.241 

1.722 

36 

1.228 

1.729 

32 

1.216 

1.716 

09 

1.157 

1.731 

05 

1.148 

1.712 

01 

1.138 

1.727 

1  57 

1.130 

1.760 

June  20,  a.  m.2 

5  39 

3,420 

1.310 

35 

3.271 

1  335 

31 

3.137 

1.340 

27 

3.015 

1.367 

23 

2.901 

1.401 

19 

2.794 

1.397 

15 

2.692 

1.416 

07 

2.512 

1.442 

03 

2.434 

1.453 

4  59 

2.362 

1.466 

55 

2.292 

1.495 

51 

2.226 

1.502 

47 

2. 166 

1.515 

27 

1.912 

1.557 

23 

1.868 

1.563 

19 

1.825 

1.579 

15 

1.785 

1.576 

04 

1.692 

1.591 

3  44 

1.541 

1.638 

25 

1.430 

1.652 

21 

1.409 

1.662 

2  44 

1.254 

1.702 

40 

1.241 

1.665 

36 

1.228 

1.696 

15 

1.172 

1.708 

11 

1.162 

1.713 

07 

1.152 

1.711 

03 

1. 143 

1.704 

June  21,  a. 

m.2 

5  41 

3.489 

1.318 

37 

3.335 

1.327 

33 

3. 196 

1.368 

29 

3.068 

1.368 

H.  A. 

See.  Z. 

R. 

June  23,  a.  m. 

ft.  m. 

5  30 

3.106 

1.430 

26 

2.986 

1.445 

22 

2.874 

1.459 

18 

2.768 

1.471 

14 

2.668 

1.506 

4  59 

2.362 

1.527 

55 

2.292 

1.531 

51 

2.226 

1.543 

32 

1.970 

1.591 

28 

1.924 

1.606 

08 

1.724 

1.656 

3  50 

1.583 

1.674 

46 

1.555 

1.685 

20 

1.404 

1.734 

16 

1.384 

1.710 

12 

1.365 

1.728 

2  51 

1.280 

1.739 

47 

1.264 

1.734 

43 

1.250 

1.729 

15 

1.172 

1.785 

11 

1.162 

1.769 

07 

1.152 

1.779 

03 

1.143 

1.781 

June  24,  a.  m.2 

5  32 

3.169 

1.373 

28 

3.045 

1.393 

24 

2.929 

1.407 

20 

2.820 

1.416 

16 

2.717 

1.457 

12 

2.612 

1.462 

01 

2.398 

1.485 

4  57 

2.326 

1.506 

53 

2.258 

1.524 

49 

2.195 

1.553 

45 

2. 138 

1.562 

30 

1.948 

1.596 

26 

1.901 

1.599 

3  52 

1.597 

1.696 

48 

1.569 

1.635 

44 

1.541 

1.662 

24 

1.424 

1.694 

20 

1.404 

1.690 

16 

1.384 

1.689 

12 

1.365 

1.703 

08 

1.347 

1.694 

2  46 

1.261 

1.722 

42 

1.247 

1.707 

38 

1.234 

1.720 

34 

1.222 

1.740 

17 

1.176 

1.751 

13 

1.167 

1.751 

09 

1.157 

1.752 

05 

1.148 

1.776 

June  25,  a. 

m.2 

5  40 

3.460 

1.379 

36 

3.307 

1.414 

H.  A.  See.  Z.  R 


June  17,  a.  m. 


ft.  m. 
4  55 
48 
29 
25 
3  48 
44 
15 
11 
07 
2  45 
41 
37 
33 
29 
07 
03 
1  59 
55 


2.292 

2.180 

1.936 

1.890 

1.569 

1.541 

1.380 

1.361 

1.343 

1.258 

1.244 

1.231 

1.219 

1.207 

1.152 

1.143 

1.134 

1.126 


1.564 

1.580 

1.632 

1.642 

1.690 

1.661 

1.734 

1.726 

1.744 

1.782 

1.753 

1.776 

1.778 

1.763 

1.788 

1.797 

1.792 

1.776 


June  18,  a.  m.2 

5  35 

3.271 

1.411 

31 

3.137 

1.431 

27 

3.015 

1.452 

23 

2.901 

1.480 

19 

2.794 

1.488 

15 

2.692 

1.488 

11 

2.598 

1.505 

03 

2.434 

1.537 

4  54 

2.275 

1.567 

50 

2.210 

1.588 

43 

2.110 

1.607 

30 

1.948 

1.635 

26 

1.901 

1.645 

3  50 

1.583 

1.726 

46 

1.555 

1. 714 

24 

1.424 

1.741 

20 

1.404 

1.723 

16 

1.384 

1.730 

2  45 

1.258 

1.783 

41 

1.244 

1.768 

37 

1.231 

1.762 

13 

1.167 

1.779 

09 

1.157 

1.772 

05 

1.148 

1.792 

June  19,  a. 

m.2 

3.460 

3.307 

3.169 

3.045 

2.929 

2.820 

2.621 

2.533 

2.453 

2.380 


1.431 

1.421 

1.441 

1.470 

1.461 

1.474 

1.530 

1.529 

1.554 

1.560 


H.  A.  See.  Z.  R 


June  21,  a.  m. 


ft.  m. 

5 


25 

2.950 

1.384 

21 

2.841 

1.397 

17 

2.737 

1.423 

13 

2. 639 

1.418 

09 

2.550 

1.450 

58 

2.342 

1.494 

54 

2.272 

1.503 

50 

2.208 

1.496 

46 

2. 150 

1.519 

28 

1.922 

1.574 

24 

1.877 

1.567 

05 

1.699 

1.608 

52 

1.596 

1.614 

48 

1.568 

1.650 

30 

1.455 

1.654 

26 

1.434 

1.680 

22 

1.414 

1.683 

57 

1.304 

1.703 

53 

1.288 

1.700 

49 

1.272 

1.696 

21 

1.186 

1.728 

17 

1.176 

1.736 

13 

1.167 

1.740 

09 

1.157 

1.744 

June  22,  a.  m.2 

39 

3.420 

1.457 

35 

3.271 

1.473 

31 

3.137 

1.497 

27 

3.015 

1.507 

23 

2.901 

1.524 

19 

2.794 

1.549 

15 

2.692 

1.543 

11 

2.598 

1.554 

00 

2.380 

1.589 

56 

2.309 

1.605 

52 

2.242 

1.616 

48 

2. 180 

1.627 

28 

1.924 

1.620 

24 

1.879 

1.691 

05 

1.700 

1.699 

46 

1.555 

1.727 

42 

1.528 

1.742 

26 

1.435 

1.752 

22 

1.414 

1.741 

18 

1.394 

1.754 

57 

1.304 

1.798 

53 

1.288 

1.783 

49 

1.272 

1.798 

20 

1. 184 

1.815 

16 

1.174 

1.806 

12 

1.164 

1.813 

08 

1.155 

1.804 

June  23,  a.  m.2 


5  38 
34 


3.382 

3.236 


1.399 

1.397 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrbeliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 


[Pyrheliometer  A.  P.  O.  IV. i — Observers,  C.  G.  A.  and  L.  B.  A.) 


H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

June  25,  a.  m. 

July  1,  a.  m. 

July  3,  a.  m. 

July  5,  a.  m. 

July  7,  a.  m. 

ft. 

771. 

ft. 

m. 

ft. 

771. 

ft. 

771 . 

ft. 

m. 

5 

32 

3.169 

1.420 

5 

25 

2.978 

1.415 

5 

26 

3.016 

1.439 

5 

33 

3.258 

1.403 

5 

19 

2.839 

1.397 

28 

3.045 

1.449 

21 

2.867 

1.423 

22 

2.902 

1.465 

29 

3. 122 

1.417 

15 

2.741 

1.418 

24 

2.929 

1.463 

17 

2.761 

1.449 

18 

2.794 

1.466 

25 

2.997 

1.437 

11 

2. 648 

1.452 

20 

2.820 

1.490 

13 

2.661 

1.427 

14 

2.693 

1.489 

21 

2.883 

1.445 

02 

2.458 

1.468 

16 

2.717 

1.485 

4 

59 

2.376 

1.507 

05 

2.494 

1.501 

17 

2. 779 

1.459 

4 

58 

2.380 

1.489 

07 

2.512 

1.535 

55 

2.306 

1.523 

01 

2.418 

1.526 

13 

2.681 

1.479 

54 

2.310 

1.491 

4 

59 

2.362 

1.554 

51 

2.240 

1.528 

4 

57 

2.346 

1.555 

4 

58 

2.371 

1.513 

50 

2.245 

1.475 

55 

2.292 

1.580 

47 

2. 180 

1.537 

53 

2.276 

1.557 

54 

2.301 

1.546 

32 

1.993 

1.547 

48 

2.180 

1.583 

28 

1.932 

1.571 

49 

2.212 

1.559 

50 

2.235 

1.546 

28 

1.945 

1.548 

31 

1.959 

1.637 

24 

1.887 

1.592 

32 

1.983 

1.604 

30 

1.963 

1.593 

3 

55 

1.635 

1.630 

27 

1.912 

1.623 

3 

52 

1.604 

1.670 

28 

1.935 

1.615 

10 

1.758 

1.633 

31 

1.477 

1.652 

3 

56 

1.628 

1.705 

48 

1.576 

1.639 

3 

52 

1.605 

1.696 

3 

56 

1.638 

1.646 

27 

1.453 

1.640 

52 

1.597 

1.702 

44 

1.548 

1.644 

48 

1.577 

1.684 

52 

1.608 

1.637 

23 

1.431 

1.648 

48 

1.569 

1.725 

09 

1.355 

1.681 

44 

1. 549 

1.689 

32 

1.481 

1.675 

19 

1.411 

1.647 

23 

1.419 

1.716 

05 

1.339 

1.650 

27 

1.445 

1.685 

28 

1.457 

1.680 

2 

54 

1.300 

1.665 

19 

1.399 

1.740 

01 

1.323 

1.649 

23 

1.424 

1.724 

24 

1.433 

1.698 

50 

1.284 

1.688 

15 

1.380 

1.740 

2 

57 

1.307 

1.698 

19 

1.404 

1.708 

04 

1.337 

1.711 

46 

1.268 

1.703 

11 

1.361 

1.750 

36 

1.230 

1.737 

2 

52 

1. 288 

1.746 

00 

1.321 

1.703 

37 

1.237 

1.701 

2 

48 

1.268 

1.787 

32 

1.218 

1.737 

48 

1.272 

1.749 

2 

56 

1.305 

1.695 

16 

1.176 

1.690 

44 

1.254 

1.778 

28 

1.206 

1.724 

44 

1.258 

1.745 

25 

1.201 

1.748 

12 

1.166 

1.696 

40 

1.241 

1.781 

11 

1.164 

1.720 

40 

1.243 

1.739 

21 

1.190 

1.733 

08 

1.157 

1.697 

36 

1.228 

1.765 

07 

1.154 

1.701 

09 

1.159 

1. 742 

17 

1.180 

1.746 

04 

1.148 

1.723 

08 

1.155 

1.792 

03 

1.145 

1.698 

05 

1.150 

1.758 

13 

1.170 

1.753 

04 

1.145 

1.804 

1 

59 

1.136 

1.743 

01 

1.140 

1.758 

00 

1.136 

1.814 

July  8,  a.  m.3 

56 

1.128 

1.826 

juiy  o,  a.  m.3 

1 

Julv  2.  a.  m.1 2 

Julv  4,  a.  m.2 

41 

3.601 

1.339 

5 

41 

37 

3.578 

3.416 

1.352 

1.362 

37 

33 

3.436 

3.284 

1.331 

1.391 

June  30,  a. 

m.2 

5 

39 

3.463 

1.403 

5 

41 

3.555 

1.422 

5 

35 

3.311 

1.400 

37 

3. 395 

1. 415 

33 

3.266 

1.370 

29 

3.147 

1.392 

5 

39 

3.442 

1.414 

31 

3.173 

1.419 

33 

3.249 

1.445 

29 

3. 132 

1.396 

25 

3.018 

1.416 

31 

3.154 

1.427 

27 

3.046 

1.454 

29 

3.116 

1.478 

25 

3.005 

1.407 

21 

2.900 

1.424 

27 

3.031 

1.431 

23 

2.930 

1.484 

25 

2.992 

1.486 

21 

2.887 

1.454 

12 

2.676 

1.465 

23 

2.916 

1.470 

19 

2.821 

1.489 

21 

2.878 

1.506 

17 

2.782 

1.453 

08 

2.587 

1.482 

19 

2.807 

1.467 

15 

2.717 

1.497 

17 

2. 772 

1.510 

13 

2.689 

1.458 

4 

59 

2.403 

1.499 

15 

2.704 

1.481 

11 

2.623 

1.534 

13 

2. 674 

1.539 

09 

2.598 

1.459 

55 

2.331 

1.511 

11 

2.608 

1.489 

01 

2.418 

1.540 

00 

2.403 

1.561 

4 

58 

2.377 

1.512 

51 

2. 264 

1.537 

4 

55 

2.301 

1.541 

4 

57 

2.346 

1.552 

4 

56 

2.331 

1.579 

54 

2.306 

1.530 

31 

1.984 

1.577 

51 

2.235 

1.564 

53 

2.276 

1.584 

52 

2.263 

1.605 

50 

2.240 

1.548 

27 

1.937 

1.611 

31 

1.965 

1.591 

49 

2.212 

1.607 

48 

2.201 

1.607 

32 

1.990 

1.582 

3 

48 

1.588 

1.669 

27 

1.917 

1.598 

31 

1.971 

1.611 

32 

1.984 

1.645 

28 

1.942 

1.580 

44 

1.560 

1.654 

3 

53 

1.608 

1.671 

27 

1.923 

1.627 

28 

1.936 

1.676 

3 

52 

1.613 

1.647 

21 

1.423 

1.705 

49 

1.580 

1.677 

3 

50 

1.591 

1.673 

09 

1.745 

1.703 

27 

1.449 

1.677 

17 

1.403 

1.707 

27 

1.442 

1.701 

31 

1.469 

1.739 

3 

55 

1.628 

1.717 

23 

1.429 

1.674 

13 

1.383 

1.713 

23 

1.422 

1.693 

27 

1.445 

1.735 

51 

1.600 

1.707 

19 

1.409 

1.668 

2 

49 

1.281 

1.715 

19 

1.402 

1.691 

23 

1.424 

1.731 

27 

1.446 

1.759 

2 

51 

1.285 

1.701 

41 

1.253 

1.716 

2 

53 

1.290 

1.708 

01 

1.324 

1.741 

15 

1.385 

1.754 

47 

1.269 

1.704 

11 

1.165 

1.735 

49 

1.274 

1.750 

2 

57 

1.308 

1.755 

2 

49 

1.280 

1.792 

43 

1.255 

1.714 

07 

1. 155 

1.736 

45 

1.258 

1.723 

53 

1.292 

1.740 

45 

1.264 

1.786 

14 

1.172 

1.713 

03 

1.146 

1.752 

18 

1.180 

1.748 

25 

1. 198 

1.753 

41 

1.248 

1.783 

10 

1. 162 

1.722 

1 

59 

1.138 

1.769 

14 

1.170 

1.755 

21 

1.188 

1.763 

19 

1. 184 

1.806 

06 

1.153 

1.731 

10 

1.160 

1.735 

17 

1.178 

1.765 

15 

1.174 

1.799 

06 

1.150 

1.786 

13 

1.169 

1.774 

11 

1.164 

1.799 

07 

1.154 

1.801 

40 

3.572 

1.264 

5 

39 

3.504 

1.315 

36 

3.408 

1.277 

V  * 

J  * 

July  5,  a.  m.2 

37 

3.374 

1.354 

38 

3.424 

1.383 

35 

3.348 

1.337 

32 

3.258 

1.309 

5 

5 

31 

3.206 

1. 352 

28 

3. 122 

1.318 

33 

3.229 

1.370 

34 

3.275 

1.399 

5 

41 

3.567 

1.369 

27 

3.073 

1.391 

24 

2.994 

1.340 

29 

3.098 

1.405 

30 

3.140 

1.420 

37 

3.405 

1.381 

23 

2.950 

1.392 

20 

2.878 

1.349 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.  i — Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

July  9,  a.  m. 

July  14,  a.  m. 

ft.  m. 

ft.  m. 

5  16 

2.777 

1.365 

5  25 

3.090 

1.511 

12 

2.682 

1.372 

21 

2.968 

1.510 

08 

2.592 

1.390 

5  17 

2.852 

1.509 

4  59 

2.408 

1.422 

08 

2.627 

1.576 

55 

2.334 

1.452 

04 

2.541 

1.570 

51 

2.268 

1.456 

00 

2.460 

1.572 

30 

1.975 

1.490 

4  56 

2.383 

1.595 

26 

1.928 

1.500 

52 

2.313 

1.606 

3  51 

1.611 

1.597 

33 

2.033 

1.658 

47 

1.583 

1.569 

29 

1.982 

1.666 

30 

1.472 

1.617 

06 

1.744 

1.701 

26 

1.450 

1.622 

3  55 

1.650 

1.712 

22 

1.430 

1.616 

51 

1.620 

1.732 

18 

1.410 

1.645 

43 

1.564 

1.733 

2  53 

1.298 

1.652 

23 

1.439 

1.754 

49 

1.282 

1.655 

19 

1.419 

1.754 

45 

1.266 

1.647 

15. 

1.399 

1.763 

24 

1.201 

1.670 

2  43 

1.263 

1.813 

20 

1.191 

1.671 

39 

1.251 

1.795 

16 

1.180 

1.702 

35 

1.239 

1.813 

12 

1.170 

1.710 

13 

1.175 

1.817 

02 

1.145 

1.701 

09 

1.165 

1.826 

05 

1.157 

1.832 

01 

1.149 

1.807 

Ju 

ly  13,  a. 

m.2 

JuJ 

y  15,  a. 

cn.2 

5  28 

3. 177 

1.389 

24 

3. 052 

1.400 

20 

2.932 

1.433 

5  41 

3.712 

1.432 

16 

2.819 

1.448 

37 

3.531 

1.461 

12 

2.717 

1.459 

33 

3.376 

1.455 

08 

2.625 

1.479 

29 

3.236 

1.470 

04 

2.538 

1.489 

25 

3.106 

1.502 

00 

2.455 

1.509 

21 

2.980 

1.531 

4  50 

2. 276 

1.536 

17 

2.865 

1.539 

46 

2.215 

1.563 

13 

2.758 

1.552 

42 

2. 155 

1.559 

4  59 

2.450 

1.607 

33 

2,031 

1,599 

55 

2.376 

1.608 

29 

1.980 

1.596 

51 

2.305 

1.594 

3  58 

1.672 

1.659 

35 

2.065 

1.661 

54 

1.640 

1.658 

31 

2.012 

1.666 

29 

1.475 

1.707 

10 

1.785 

1.707 

25 

1.451 

1.698 

3  56 

1.662 

1.706 

21 

1.430 

1. 696 

52 

1.632 

1.721 

17 

1.410 

1.702 

20 

1.425 

1.762 

2  54 

1.308 

1.730 

16 

1.405 

1.759 

50 

1.292 

1.734 

12 

1.385 

1.756 

46 

1.276 

1.723 

2  34 

1.237 

1.803 

13 

1.175 

1.735 

30 

1.225 

1.812 

09 

1. 164 

1.755 

26 

1.213 

1.808 

05 

1.155 

1.765 

05 

1.158 

1.820 

01 

1. 147 

1.743 

01 

1.150 

1.815 

1  57 

1.142 

1.847 

July  14,  a.  m.2 

53 

1.134 

1.839 

5  41 

3.689 

1.432 

July  16,  a.  m.2 

37 

3. 519 

1. 437 

33 

3.356 

1.452 

5  42 

3.771 

1.223 

29 

3.218 

1.466 

38 

3.585 

1.221 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

July  16,  a.  m. 

July  19,  a.  m. 

July  21,  a.  m. 

771. 

ft. 

m. 

ft. 

m. 

34 

3.422 

1.250 

4 

48 

2.283 

1.396 

4 

32 

2.056 

1.432 

30 

3.278 

1.278 

32 

2.049 

1.438 

28 

2.004 

1.454 

26 

3.144 

1.299 

28 

1.997 

1. 434 

3 

53 

1.657 

1.510 

22 

3.016 

1.309 

3 

57 

1.685 

1.531 

49 

1.625 

1.539 

18 

2.896 

1.347 

53 

1.653 

1.512 

26 

1.474 

1.566 

14 

2.790 

1.349 

49 

1.621 

1.512 

22 

1.450 

1.596 

10 

2.692 

1.368 

28 

1.481 

1.557 

18 

1.428 

1.597 

00 

2.475 

1.389 

24 

1.457 

1.544 

2 

55 

1.322 

1.631 

56 

2.397 

1.413 

20 

1.437 

1.559 

51 

1.306 

1.609 

40 

2.137 

1.455 

2 

58 

1.333 

1.612 

47 

1.290 

1.666 

36 

2.081 

1.474 

54 

1.317 

1.603 

38 

1.255 

1.640 

20 

1.887 

1.508 

50 

1.301 

1.614 

10 

1. 175 

1.651 

54 

1.647 

1.547 

15 

1.187 

1.623 

06 

1.165 

1.672 

45 

1.582 

1.562 

11 

1.176 

1.647 

02 

1.156 

1.675 

41 

1.554 

1.611 

07 

1.165 

1.663 

1 

58 

1.148 

1.669 

37 

1.526 

1.597 

03 

1.156 

1.660 

12 

1.387 

1.617 

juiv  a.  m.a 

08 

1.367 

1.600 

July  20,  a.  m.1 2 

04 

1.350 

1.598 

36 

1.243 

1.619 

5 

40 

3.815 

1. 154 

32 

1.231 

1.625 

5 

38 

3.669 

1.197 

36 

3.629 

1.200 

28 

1.219 

1.633 

34 

3.500 

1.242 

32 

3.459 

1.196 

06 

1.160 

1.639 

30 

3.345 

1.237 

28 

3.307 

1.246 

02 

1.152 

1.653 

26 

3.201 

1.266 

24 

3. 164 

1.268 

58 

1.144 

1.652 

22 

3.065 

1.303 

20 

3.034 

1.273 

54 

1.137 

1.645 

18 

2.944 

1.315 

16 

2. 916 

1.289 

14 

2.832 

1.328 

4 

51 

2.356 

1.404 

10 

2.732 

1.342 

44 

2.238 

1.416 

00 

2.509 

1.386 

40 

2. 176 

1.432 

4 

56 

2.430 

1.406 

32 

2. 062 

1. 441 

41 

3.750 

1.130 

52 

2.357 

1.430 

28 

2.010 

1.466 

21 

2.999 

1.225 

32 

2.049 

1.466 

3 

50 

1.637 

1.539 

17 

2.882 

1.257 

28 

1.999 

1.489 

46 

1.605 

1.540 

13 

2.778 

1.293 

3 

53 

1.653 

1.551 

16 

1.422 

1.581 

09 

2.680 

1.286 

26 

1.472 

1.592 

12 

1.402 

1.600 

05 

2.586 

1.322 

22 

1.448 

1.622 

08 

1.382 

1.607 

01 

2.504 

1.343 

18 

1.426 

1.629 

2 

35 

1.247 

1.628 

42 

2. 171 

1.381 

14 

1.406 

1.607 

31 

1.235 

1.639 

29 

1.997 

1.448 

2 

45 

1.280 

1.654 

27 

1.223 

1.639 

25 

1.949 

1.459 

41 

1.265 

1.650 

06 

1.166 

1.656 

50 

1.618 

1.526 

37 

1.252 

1.660 

02 

1.158 

1.648 

33 

1.504 

1.544 

12 

1.178 

1.681 

1 

58 

1.150 

1.649 

29 

1.480 

1.542 

08 

1.168 

1.673 

54 

1. 142 

1.660 

25 

1.456 

1.566 

04 

1.159 

1.697 

57 

1.323 

1.599 

00 

1.151 

1.677 

July  24,  a.  m.2 

53 

1.307 

1.593 

July  21,  a.  m.2 

5 

38 

3.762 

1.077 

juiy  ±y,  a.  in.* 

1.222 

34 

3.583 

1.103 

5 

33 

3. 480 

30 

3. 418 

1. 125 

38 

3.658 

1.157 

29 

3.327 

1.243 

26 

3.268 

1.166 

34 

3.490 

1.184 

25 

3. 182 

1.258 

22 

3.130 

1.192 

30 

3.336 

1.210 

21 

3.049 

1.284 

18 

3.005 

1.202 

26 

3.193 

1.248 

17 

2. 929 

1.303 

14 

2.889 

1.229 

22 

3.059 

1.258 

13 

2.820 

1.321 

10 

2.780 

1.234 

18 

2.937 

1.258 

09 

2.718 

1.328 

00 

2.548 

1.288 

14 

2.825 

1.277 

05 

2.624 

1.353 

4 

56 

2.467 

1.311 

10 

2. 723 

1.300 

4 

50 

2.329 

1.377 

47 

2.302 

1.328 

56 

2.425 

1.367 

46 

2.261 

1.389 

43 

2.236 

1.334 

52 

2.352 

1.390 

42 

2. 198 

1.406 

39 

2. 176 

1.345 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  0.  IV.i — Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

July  24,  a.  m. 

Aug.  2,  a.  m. 

ft.  m. 

ft.  m. 

4  25 

1.984 

1.413 

3  49 

1.671 

1.441 

3  46 

1.616 

1.519 

56 

1.728 

1.417 

42 

1.588 

1.515 

4  00 

1.763 

1.402 

32 

1.520 

1.562 

11 

1.873 

1.371 

28 

1.496 

1.575 

15 

1.918 

1.360 

24 

1.472 

1.585 

27 

2.070 

1.322 

2  39 

1.267 

1.601 

31 

2. 126 

1.316 

35 

1.253 

1.606 

35 

2. 185 

1.311 

31 

1.240 

1.604 

10 

1.180 

1.616 

Aug.  4,  p.  m.2 

nfi 

1  170 

1  619 

02 

1.162 

1.620 

2  15 

1.216 

1.550 

1  58 

1.154 

1.628 

19 

1.228 

1.516 

23 

1.240 

1.526 

July  29,  a.  m.2 

27 

1.252 

1.528 

54 

1.352 

1.516 

58 

1.368 

1.484 

5  38 

3.917 

1.163 

3  02 

1.388 

1.475 

34 

3.723 

1.181 

19 

1.476 

1.456 

30 

3.545 

1.219 

23 

1.500 

1.428 

26 

3.379 

1.248 

27 

1.524 

1.424 

22 

3.229 

1.255 

46 

1.660 

1.385 

18 

3.095 

1.267 

50 

1.692 

1.382 

09 

2.833 

1.304 

54 

1.726 

1.384 

05 

2.727 

1.319 

4  09 

1.871 

1.325 

01 

2.634 

1.342 

13 

1.916 

1.321 

4  57 

2.546 

1.365 

28 

2. 109 

1.292 

53 

2.464 

1.378 

32 

2. 165 

1.266 

49 

2.390 

1.385 

36 

2.225 

1.232 

33 

2. 130 

1.435 

47 

2.414 

1.186 

29 

2.072 

1.438 

51 

2.493 

1.149 

3  53 

1.690 

1.532 

55 

2.577 

1.137 

49 

1.658 

1.527 

5  05 

2.833 

1.110 

45 

1.626 

1.549 

09 

2.950 

1.088 

33 

1.543 

1.558 

29 

1.519 

1.548 

Aug.  5,  a.  m.2 

25 

1  495 

1.566 

2  55 

1.340 

1.615 

5  32 

3.847 

0.995 

51 

1.324 

1.610 

28 

3.646 

1.012 

47 

1.308 

1.601 

20 

3.314 

1.068 

43 

1.292 

1.611 

11 

3.019 

1.114 

17 

1  209 

1.639 

07 

2.899 

1.140 

13 

1  198 

1.638 

03 

2.787 

1.157 

09 

1  188 

1.641 

4  59 

2.682 

1.173 

05 

1.178 

1.645 

48 

2.440 

1.175 

44 

2.366 

1.276 

Aug.  2,  p.  m.2 

40 

2. 295 

1.279 

21 

2.021 

1.333 

2  11 

1.198 

1.545 

3  43 

1.640 

1.421 

15 

1.210 

1.562 

24 

1.512 

1.469 

19 

1.222 

1.557 

20 

1.488 

1.470 

23 

1.234 

1.536 

16 

1.464 

1.481 

35 

1.270 

1.529 

2  50 

1.340 

1.516 

53 

1.342 

1.512 

46 

1.324 

1.525 

57 

1.358 

1.530 

42 

1.308 

1.539 

3  01 

1.375 

1.511 

06 

1  197 

1.562 

25 

1.502 

1.501 

02 

1.185 

1.566 

29 

1.526 

1.501 

1  58 

1.176 

1.563 

33 

1.554 

1.460 

54 

1.168 

1.593 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

Aug.  6,  a.  m.1 2 

Aug.  8,  a.  m. 

Aug.  12,  a.  m. 

ll.  771. 

h.  m. 

ft.  m. 

5  27 

3.644 

1.035 

5  11 

3.100 

1.180 

3  52 

1.759 

1.638 

23 

3.472 

1.043 

07 

2.958 

1.177 

48 

1.723 

1.643 

19 

3.314 

1.089 

03 

2.840 

1.208 

19 

1.513 

1.710 

15 

3.170 

1.115 

4  59 

2. 736 

1.236 

15 

1.490 

1.719 

11 

3.036 

1.119 

46 

2.450 

1.289 

11 

1.466 

1.705 

02 

2.778 

1.175 

42 

2. 375 

1.290 

2  25 

1.269 

1.764 

4  58 

2.678 

1.200 

38 

2. 304 

1.312 

21 

1.255 

1.751 

54 

2.583 

1.182 

23 

2.073 

1.346 

17 

1.243 

1.763 

50 

2.493 

1.192 

19 

2.020 

1.359 

1  48 

1.168 

1.738 

46 

2.413 

1.258 

3  38 

1.622 

1.452 

44 

1.159 

1.798 

42 

2.340 

1.264 

17 

1.481 

1.497 

40 

1.152 

1.759 

27 

2.111 

1.291 

13 

1.460 

1.492 

36 

1.143 

1.769 

23 

2.055 

1.304 

09 

1.437 

1.502 

3  47 

1.675 

1.429 

2  39 

1.305 

1.569 

43 

1.643 

1.438 

35 

1.292 

1.586 

Aug.  13,  a. 

m.2 

22 

1. 498 

1.  4«jG 

31 

1.280 

1.565 

18 

1.474 

1.457 

5  17 

3.458 

1.443 

14 

1.450 

1.466 

13 

3.305 

1.463 

2  35 

1.282 

1.525 

Aug.  11,  a.  m.2 

09 

3. 151 

1.472 

31 

1.269 

1.517 

05 

3.016 

1.476 

.  27 

1.257 

1.531 

5  09 

3.090 

1.256 

4  56 

2.760 

1.533 

1  52 

1.162 

1.591 

05 

2.962 

1.248 

52 

2.653 

1.539 

48 

1.154 

1.568 

01 

2.841 

1.275 

48 

2.559 

1.569 

44 

1.146 

1.578 

4  57 

2. 733 

1.325 

39 

2.378 

1.606 

40 

1  138 

1.588 

53 

2.634 

1.327 

35 

2.305 

1.604 

37 

2.330 

1.402 

31 

2.240 

1.596 

33 

2. 244 

1.405 

11 

1.967 

1.656 

Aug.  7*  a.  m.* 

00 

1.826 

1.526 

3  33 

1.610 

1.732 

3  51 

1.742 

1.533 

10 

1.463 

1.754 

5  34 

4.010 

1.103 

47 

1.708 

1.540 

06 

1.443 

1.757 

30 

3.820 

1.127 

43 

1.664 

1.513 

02 

1.422 

1.745 

26 

3.630 

1.149 

20 

1.500 

1.598 

2  28 

1.283 

1.782 

22 

3.460 

1.176 

16 

1.483 

1.595 

24 

1.271 

1.791 

18 

3.302 

1.196 

12 

1.461 

1.585 

20 

1.259 

1.790 

14 

3.174 

1.240 

2  49 

1.352 

1.619 

1  42 

1.159 

1.849 

04 

2. 854 

1.272 

45 

1.337 

1.626 

38 

1.151 

1.807 

00 

2. 746 

1.274 

41 

1.320 

1.611 

34 

1.143 

1.812 

4  56 

2. 642 

1.286 

14 

1.229 

1.647 

30 

1.137 

1.794 

48 

2.468 

1.339 

10 

1.219 

1.652 

44 

2.388 

1.347 

06 

1.206 

1.672 

Aug.  14.  a.  m.2 

40 

2.322 

1.372 

1  40 

1.149 

1  fi44 

20 

2.020 

1.441 

36 

1.140 

1.647 

5  25 

3. 863 

1.334 

16 

1.971 

1.435 

32 

1.133 

1.660 

21 

3. 680 

1.382 

3  41 

1.639 

1.528 

28 

1.128 

1.658 

17 

3.505 

1.391 

12 

1.451 

1.561 

13 

3.338 

1.431 

08 

1.432 

1.565 

Aug.  12,  a.  m.2 

05 

3.037 

1.457 

04 

1.410 

1.579 

01 

2.912 

1.467 

2  41 

1.310 

1.592 

5  31 

4.050 

1.324 

4  57 

2.800 

1.479 

37 

1.296 

1.591 

27 

3.840 

1.351 

45 

2.520 

1.509 

33 

1.281 

1.615 

23 

3.650 

1.364 

41 

2.438 

1.522 

03 

1.193 

1.625 

19 

3.477 

1.384 

37 

2.373 

1.550 

1  59 

1.183 

1.630 

15 

3.320 

1.414 

19 

2.080 

1.595 

55 

1.174 

1.653 

11 

3.179 

1.412 

3  41 

1.679 

1.673 

51 

1.165 

1.622 

00 

2.838 

1.447 

37 

1.647 

1.688 

12 

1. 478 

1. 726 

Aug.  8,  a.  m.2 

52 

2.634 

1.478 

08 

1.457 

1.737 

40 

2.382 

1. 506 

04 

1.433 

1.734 

5  19 

3.390 

1.113 

36 

2.308 

1.524 

2  25 

1.274 

1.796 

15 

3. 230 

1.149 

3  56 

1.797 

1.544 

21 

1.260 

1.803 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1 — Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

Aug.  14,  a.  m. 

ft.  TO. 

2  17 

1.249 

1.790 

1  43 

1.162 

1.841 

39 

1.153 

1.826 

35 

1.146 

1.818 

31 

1.139 

1.801 

Aug.  15,  a.  m.2 

5  22 

3.764 

1.377 

18 

3.570 

1.409 

14 

3.408 

1.433 

10 

3.259 

1.480 

06 

3. 103 

1.482 

4  56 

2.801 

1.497 

52 

2.700 

1.530 

48 

2.603 

1.562 

36 

2.363 

1.560 

32 

2. 299 

1.596 

28 

2.231 

1. 606 

14 

2.032 

1.629 

3  34 

1.633 

1.703 

08 

1.464 

1.752 

04 

1.440 

1.743 

00 

1.421 

1.750 

2  32 

1.303 

1.770 

28 

1.290 

1.782 

24 

1.278 

1.779 

1  39 

1.159 

1.804 

35 

1.150 

1.780 

31 

1. 143 

1.773 

27 

1.136 

1.809 

Aug.  16,  a. 

m.2 

5  22 

3.785 

1. 418 

18 

3. 610 

1.392 

14 

3. 429 

1.405 

10 

3.209 

1.411 

06 

3. 123 

1.445 

02 

2.993 

1.450 

4  51 

2.690 

1.535 

47 

2.598 

1.544 

39 

2.433 

1.547 

35 

2.357 

1.568 

31 

2.283 

1.570 

16 

2.060 

1.610 

3  44 

1. 720 

1.691 

19 

1.530 

1.715 

15 

1.506 

1.700 

11 

1.481 

1.701 

2  45 

1.360 

1.736 

41 

1.341 

1. 724 

37 

1.327 

1.724 

08 

1.229 

1.777 

04 

1.219 

1.750 

Aug.  17,  a.  m.2 


ft.  TO. 

5  18 
14 
10 
06 
02 
4  58 
50 
46 
37 
33 
29 
10 
3  35 
21 

17 

13 
04 
00 

2  56 
22 

18 

14 
08 
04 
00 

1  29 
25 
21 
17 


3.630 
3.461 
3.308 
3.150 
3.016 
2.893 
2.686 
2.597 
2.407 
2.333 
2. 268 
1.996 
1.648 
1.549 
1.523 
1.500 
1.451 
1.430 
1.409 
1.275 
1.262 
1.250 
1.233 
1.221 
1.210 
1.144 
1.137 
1.130 
1.125 


1.320 
1.348 
1.343 
1.384 
1.397 
1.427 
1.462 
1.483 
1.497 
1.509 
1.524 
1.564 
1.626 
1.654 
1.653 
1.650 
1.667 
1.680 
1.694 
1.701 
1.698 
1.730 
1.710 
1.732 
1.728 
1.735 
1.753 
1. 749 
1.758 


Aug.  18,  a.  m.2 


2.730 

2.202 

1.812 

1.580 

1.413 

1.393 

1.291 

1.279 

1.160 

1.085 


1.385 
1.503 
1.577 
1.634 
1. 641 
1.649 
1.666 
1.658 
1.707 
1.714 


Aug.  20,  a.  m.2 


3.875 
3.658 
2.838 
2. 211 
1.871 
1.831 
1.570 
1.541 
1.390 
1.370 


1.243 
1.275 
1.411 
1.483 
1.556 
1.549 
1.623 
1.589 
1. 670 
1.661 


H.  A. 

Sec.  Z. 

R. 

Aug.  20,  a.  m. 

ft.  TO. 

2  14 

1.260' 

1.707 

1  46 

1.187 

1.720 

42 

1.178 

1.689 

01 

1.111 

1.719 

Aug.  21,  a.  m.2 

5  16 

3.708 

1.387 

4  53 

2.865 

1.498 

25 

2.259 

1.586 

02 

1.939 

1.620 

3  58 

1.892 

1.628 

26 

1.609 

1.696 

22 

1.580 

1.681 

2  59 

1.443 

1.710 

55 

1.424 

1.717 

26 

1.307 

1.759 

22 

1.292 

1.735 

1  58 

1.219 

1.754 

54 

1.209 

1.759 

50 

1.199 

1.759 

12 

1.130 

1.772 

Aug.  22,  a.  m.2 

5  24 

4.140 

1.322 

20 

3.920 

1.352 

4  55 

2.938 

1.463 

26 

2.290 

1.557 

00 

1.923 

1.618 

3  56 

1.880 

1.599 

22 

1.586 

1.706 

18 

1.558 

1.685 

2  54 

1.423 

1.720 

50 

1.403 

1.752 

21 

1.292 

1.752 

17 

1.280 

1.749 

1  52 

1.208 

1.781 

48 

1.198 

1.764 

44 

1.189 

1.764 

Aug.  23,  a.  m.2 

4  58 

3.050 

1.465 

32 

2.414 

1.591 

05 

1.996 

1.648 

3  39 

1.726 

1.717 

08 

1.508 

1.757 

04 

1.484 

1.757 

2  40 

1.366 

1.766 

36 

1.350 

1.763 

06 

1.250 

1.782 

02 

1.238 

1.803 

1  40 

1.182 

1.848 

Aug.  23,  a.  m. 


ft.  m. 
1  36 
05 


1.174 

1.123 


1.796 

1.824 


Aug.  24,  a.  m.2 


4. 195 
3.980 
2.960 
2.379 
1.971 
1.926 
1.626 
1.599 
1.451 
1.431 
1.308 
1.293 
1.220 
1.210 
1.200 
1.139 


1.375 

1.406 

1.523 

1.615 

1.696 

1.690 

1.732 

1.738 

1.803 

1.779 

1.808 

1.802 

1.826 

1.802 

1.818 

1.830 


Aug.  25,  a.  m.2 


4.080 

3.863 

2.908 

2.256 

1.939 

1.892 

1.623 

1.596 

1.462 

1.441 

1.320 

1.307 

1.233 

1.222 

1.213 


1.424 

1.432 

1.556 

1.665 

1.691 

1.696 

1.755 

1.742 

1.794 

1.788 

1.813 

1.813 

1.830 

1.842 

1.837 


Aug.  25,  p.  m.2 


1.258 

1.270 

1.380 

1.396 

1.517 

1.541 

1.782 

1.820 

2.176 

2.240 

2.770 

3.587 


1.836 

1.819 

1.814 

1.811 

1.757 

1.764 

1.731 

1.713 

1.646 

1.627 

1.582 

1.462 


H.  A. 

Sec.  Z. 

R. 

Aug.  26,  a. 

m.2 

ft.  TO. 

5  17 

3.960 

1.463 

13 

3.758 

1.492 

4  50 

2.902 

1.584 

00 

1.970 

1.734 

3  56 

1.924 

1.746 

27 

1.653 

1.798 

23 

1.623 

1.782 

00 

1.480 

1.807 

56 

1.459 

1.782 

2  27 

1.332 

1.848 

23 

1.318 

1.839 

19 

1.302 

1.832 

1  55 

1.229 

1.848 

51 

1.219 

1.809 

47 

1.210 

1.825 

24 

1.163 

1.827 

20 

1.157 

1.815 

Aug.  26,  p.  m.2 

2  17 

1.301 

1.793 

21 

1.309 

1.768 

25 

1.325 

1.777 

51 

1.432 

1.728 

55 

1.453 

1.742 

3  21 

1.610 

1.707 

25 

1.639 

1.694 

57 

1.937 

1.683 

4  01 

1.983 

1.654 

27 

2. 377 

1.594 

52 

2. 958 

1.530 

Aug.  27,  a. 

m.2 

5  19 

4. 139 

1.412 

15 

3. 903 

1.431 

11 

3.702 

1.464 

4  48 

2.861 

1.556 

20 

2.262 

1.633 

3  56 

1.933 

1.714 

52 

1.887 

1.683 

21 

1.613 

1.732 

17 

1.592 

1.730 

2  54 

1.452 

1.773 

50 

1.432 

1.788 

21 

1.313 

1.829 

17 

1.300 

1.796 

13 

1.285 

1.804 

1  50 

1.223 

1.795 

46 

1.213 

1.819 

42 

1.205 

1.819 

Aug.  27,  p.  m.2 

1  25 

1.171 

1.763 

29 

1.179 

1.755 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  26. — PyrJieliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  O.  IV. ’—Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

Aug.  30,  a.  m. 

ft.  m. 

4  49 

2.973 

1.515 

21 

2.334 

1.598 

3  58 

1.993 

1.669 

54 

1.948 

1.650 

24 

1.663 

1.710 

20 

1.633 

1.728 

2  56 

1.479 

1.755 

52 

1.458 

1.772 

20 

1.323 

1.779 

16 

1.310 

1.790 

12 

1.296 

1.786 

1  48 

1.230 

1.785 

44 

1.220 

1.796 

40 

1.211 

1.791 

11 

1.159 

1.830 

07 

1.152 

1.773 

Aug.  31,  a.  m.3 

5  09 

3.793 

1.345 

05 

3.585 

1.352 

4  42 

2.800 

1.485 

16 

2.263 

1.570 

3  54 

1.957 

1.631 

50 

1.910 

1.606 

22 

1.660 

1.674 

18 

1.630 

1.665 

2  55 

1.480 

1.710 

51 

1.460 

1.683 

23 

1.340 

1.725 

19 

1.326 

1.744 

1  56 

1.255 

1.739 

52 

1.243 

1.738 

48 

1.234 

1.755 

15 

1.169 

1.768 

Sept.  1,  a.  m.3 

5  14 

4.088 

1.236 

10 

3.868 

1.245 

4  42 

2.814 

1.402 

38 

2.714 

1.427 

34 

2. 622 

1.430 

26 

2.455 

1.473 

22 

2.376 

1.455 

14 

2. 240 

1.500 

10 

2. 180 

1.494 

3  54 

1.966 

1.530 

50 

1.920 

1.540 

46 

1.878 

1.540 

17 

1.630 

1.597 

13 

1.600 

1.572 

09 

1.574 

1.569 

2  35 

1.395 

1.577 

31 

1.379 

1.607 

27 

1.363 

1. 612 

07 

1.291 

1.603 

03 

1.276 

1.623 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

Sept.  1,  a.  m. 

Sept.  4,  a.  m. 

Sept.  9,  a.  m. 

ft.  m. 

ft.  m. 

ft.  m. 

1  59 

1.263 

1.616 

4  24 

2. 482 

1.451 

3  56 

2. 101 

1.493 

32 

1.200 

1.636 

20 

2.402 

1.460 

19 

1.712 

1.622 

28 

1.192 

1.642 

16 

2.324 

1.453 

15 

1.680 

1.588 

24 

1.186 

1.635 

08 

2. 192 

1. 495 

00 

1.577 

1.606 

20 

1.179 

1.635 

3  25 

1.717 

1.599 

2  56 

1.553 

1.613 

08 

1.590 

1.630 

12 

1.349 

1.648 

Sept.  2,  a.  m.3 

04 

1.562 

1.614 

08 

1.334 

1.653 

00 

1.538 

1.631 

04 

1.319 

1.667 

2  36 

1.414 

1.674 

1  52 

1.283 

1.670 

4  50 

3. 100 

1.292 

32 

1.398 

1.658 

48 

1.272 

1.668 

28 

1.382 

1.653 

'44 

1.263 

1.652 

42 

2. 868 

1.356 

1  59 

1.276 

1.693 

38 

2.758 

1.367 

28 

2.518 

1.403 

55 

1.266 

1.694 

Sept.  10,  p. 

m.3 

51 

1.258 

1.701 

24 

2. 436 

1.421 

31 

1.212 

1.708 

20 

2. 358 

1.441 

1  31 

1. 237 

1.713 

27 

1.204 

1.728 

11 

2. 210 

1.468 

35 

1.246 

1.718 

23 

1.196 

1.737 

07 

2. 152 

1.465 

39 

1.255 

1.724 

19 

1. 189 

1.701 

3  29 

1.732 

1.547 

52 

1.289 

1.681 

13 

1.610 

1.553 

56 

1.301 

1.665 

09 

1.583 

1.596 

Sept.  8,  a.  m.2 

2  19 

1.380 

1.559 

05 

1.556 

1.606 

23 

1.396 

1.514 

2  36 

1.404 

1.639 

4  51 

3.327 

1.439 

33 

1.441 

1.539 

32 

1.388 

1.648 

47 

3.181 

1.429 

37 

1.459 

1.572 

28 

1.372 

1.051 

43 

3.050 

1.454 

41 

1.478 

1.602 

01 

1. 273 

1.672 

39 

2. 928 

1.489 

55 

1.555 

1.568 

1  57 

1. 261 

1.678 

29 

2.676 

1.509 

3  07 

1.632 

1.568 

53 

1.250 

1.685 

25 

2. 584 

1.519 

11 

1.660 

1.564 

43 

1. 228 

1.670 

15 

2.380 

1.565 

27 

1.792 

1.592 

11 

2.310 

1.592 

34 

1.857 

1.562 

SeDt.  3.  a.  m.3 

03 

2. 182 

1. 616 

38 

1.898 

1.560 

3  24 

1.744 

1.692 

56 

2.118 

1.556 

15 

1.670 

1.720 

4  00 

2. 174 

1.535 

4  56 

3.341 

1.274 

11 

1.640 

1.683 

04 

2.235 

1.531 

52 

3.202 

1.298 

07 

1.612 

1.727 

20 

2.522 

1.480 

48 

3.075 

1.340 

2  58 

1.556 

1.712 

24 

2.606 

1.474 

44 

2.956 

1.348 

54 

1.532 

1.758 

28 

2.700 

1.477 

30 

2.585 

1.406 

30 

1.414 

1.759 

40 

3.030 

1.422 

26 

2.492 

1.419 

26 

1.395 

1.758 

44 

3.160 

1.404 

15 

2.290 

1.440 

22 

1.378 

1.756 

11 

2.225 

1.470 

07 

1.321 

1.753 

3  30 

1.746 

1.561 

03 

1.309 

1.780 

Sept.  14,  p. 

m.3 

21 

1.675 

1.568 

1  50 

1.271 

1.798 

17 

1. 647 

1.571 

46 

1.262 

1.796 

1  33 

1.265 

1.802 

2  50 

1.478 

1.604 

25 

1.215 

1.799 

2  01 

1.340 

1.776 

46 

1.458 

1.621 

21 

1.207 

1.795 

05 

1.352 

1.760 

42 

1.438 

1.623 

05 

1.183 

1.804 

40 

1.504 

1.761 

05 

1.296 

1.651 

01 

1.178 

1.795 

44 

1.524 

1.735 

01 

1.280 

1.643 

3  09 

1.683 

1.712 

1  57 

1.268 

1.647 

Sept.  9,  a.  m.3 

13 

1.712 

1.727 

32 

1.213 

1.684 

53 

2.140 

1.659 

28 

1.206 

1.679 

4  21 

2.636 

1.611 

24 

1.199 

1.689 

49 

3.500 

1.488 

43 

3.090 

1.332 

34 

2.826 

1.363 

Sept.  4,  a.  m.3 

30 

2.726 

1.380 

Sept.  15,  a. 

m.2 

26 

2.632 

1.409 

4  46 

3.038 

1.343 

22 

2.543 

1.439 

4  46 

3.430 

1.492 

42 

2.915 

1.366 

12 

2.349 

1.461 

42 

3.280 

1.506 

38 

2.800 

1.405 

08 

2.282 

1.467 

38 

3.145 

1.525 

Aug.  27,  p.  m. 


ft.  m. 


1  52 

1.229 

1.725 

56 

1.238 

1.760 

2  00 

1.250 

1.712 

28 

1.343 

1.701 

32 

1.357 

1.747 

58 

1.473 

1.641 

3  02 

1.497 

1.672 

38 

1.752 

1.650 

4  00 

1.982 

1.583 

29 

2.428 

1.514 

53 

3.012 

1.429 

5  19 

4. 138 

1.303 

Aug.  28,  a. 

m.3 

5  13 

3.850 

1.438 

09 

3.650 

1.442 

4  47 

2. 863 

1.557 

20 

2. 286 

1.640 

3  57 

1.960 

1.672 

53 

1.912 

1.687 

23 

1.640 

1.732 

19 

1.610 

1.741 

2  57 

1.476 

1.776 

53 

1.458 

1.761 

24 

1.334 

1.784 

20 

1.320 

1.769 

1  57 

1.248 

1.780 

53 

1.238 

1.764 

49 

1.228 

1.782 

17 

1.160 

1.784 

13 

1.152 

1.775 

Aug.  29,  a.  m.3 

5  15 

4. 015 

1.408 

11 

3.809 

1.415 

4  49 

2. 953 

1.528 

21 

2.322 

1.623 

3  58 

1.983 

1.660 

54 

1.938 

1.645 

22 

1.641 

1.719 

18 

1.615 

1.731 

2  56 

1.479 

1.734 

52 

1.459 

1.725 

48 

1.440 

1.752 

20 

1.323 

1.762 

16 

1.309 

1.750 

1  53 

1.240 

1.778 

49 

1.230 

1.757 

45 

1.162 

1.764 

11 

1.157 

1.781 

Aug.  30,  a.  m.3 

5  17 

4. 163 

1.378 

13 

3.947 

1.404 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 
3  Observer,  L.  B.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  0.  IV.1— Observers,  C.  G.  A.  and  L.  B.  A.) 


H.  A. 

Sec.  Z. 

R. 

Sept.  15,  a. 

m. 

ft.  m. 

4  34 

3.017 

1.523 

30 

2.896 

1.564 

18 

2.595 

1.592 

10 

2.435 

1.638 

3  58 

2.230 

1.662 

18 

1.764 

1.741  _ 

14 

1.730 

1.726 

10 

1.698 

1.743 

2  57 

1.609 

1.753 

53 

1.584 

1.757 

49 

1.560 

1.748 

34 

1.480 

1.796 

30 

1.460 

1.773 

26 

1.442 

1.789 

18 

1.408 

1.784 

14 

1.391 

1.775 

1  51 

1.313 

1.804 

47 

1.303 

1.815 

43 

1.294 

1.825 

20 

1.243 

1.816 

16 

1.235 

1.824 

12 

1.227 

1.813 

Sept.  16,  a.  m.2 

4  28 

2.873 

1.562 

24 

2.768 

1.588 

20 

2.672 

1.591 

12 

2.498 

1.612 

08 

2.420 

1.625 

3  56 

2.219 

1.636 

12 

1.724 

1.745 

08 

1.693 

1.731 

04 

1.665 

1.739 

Sept.  17,  a. 

m.2 

4  38 

3.213 

1.470 

34 

3.078 

1.476 

23 

2.777 

1.509 

19 

2.681 

1.531 

15 

2.590 

1.536 

00 

2.300 

1.586 

3  20 

1.803 

1.655 

16 

1.767 

1.702 

05 

1.683 

1.700 

01 

1.655 

1.719 

2  57 

1.627 

1.704 

45 

1.552 

1.716 

41 

1.532 

1.725 

27 

1.462 

1.744 

23 

1.442 

1.749 

19 

1.426 

1.757 

08 

1.382 

1.757 

04 

1.369 

1.751 

00 

1.357 

1.780 

1  28 

1.268 

1.803 

H. 

A. 

Sec.  Z. 

R. 

Sept.  30,  p.  m.3 

ft. 

m. 

1 

42 

1.393 

1.768 

50 

1.417 

1.763 

2 

35 

1.626 

1.691 

3 

22 

2.004 

1.608 

50 

2.401 

1.562 

4 

23 

3. 218 

1.443 

Oct.  4,  a.  m.3 

3 

49 

2. 481 

1.388 

45 

2. 410 

1.396 

21 

2.060 

1.470 

2 

54 

1.800 

1.535 

30 

1.637 

1.580 

1 

58 

1.482 

1.624 

30 

1.388 

1.644 

0 

51 

1.315 

1.684 

Oct.  5,  a.  m.3 

4 

08 

2.940 

1.386 

04 

2.836 

1.410 

3 

40 

2.354 

1.510 

15 

2.013 

1.580 

2 

48 

1.770 

1.658 

10 

1.545 

1.677 

1 

41 

1.431 

1.720 

00 

1.336 

1.731 

West. 

0 

01 

1.284 

1.704 

Oct.  6,  a.  m.3 

4 

09 

3.002 

1.529 

05 

2.890 

1.542 

3 

41 

2.383 

1.632 

16 

2.042 

1.683 

2 

28 

1.645 

1.755 

1 

37 

1.426 

1.788 

09 

1.358 

1.813 

Oct.  7,  a.  m.3 

4 

04 

2.898 

1.490 

00 

2. 797 

1.518 

3 

37 

2.341 

1.580 

13 

2. 026 

1.653 

2 

45 

1.770 

1.708 

01 

1.520 

1.730 

1 

19 

1.388 

1.769 

Oct.  9,  a.  m.3 

3 

59 

2.838 

1.501 

55 

2.740 

1.537 

H. 

A. 

Sec.  Z. 

R. 

Oct.  22,  a. 

m. 

ft. 

m . 

3 

00 

2. 158 

1.701 

2 

34 

1.903 

1.755 

1 

59 

1.678 

1.805 

30 

1.560 

1.839 

0 

52 

1.469 

1.858 

Oct.  23,  a.  m.3 

3 

59 

3.373 

1.526 

29 

2.610 

1.642 

03 

2.207 

1.715 

2 

38 

1.948 

1.765 

08 

1.738 

1.808 

1 

35 

1.587 

1.835 

0 

54 

1.478 

1.781 

Oct.  24,  a.  m.3 

3 

52 

3.227 

1.537 

28 

2.633 

1.620 

01 

2. 206 

1.695 

2 

31 

1.907 

1.750 

04 

1.723 

1.788 

1 

34 

1.600 

1.799 

Oct.  27,  a.  m.3 

3 

47 

3.143 

1.519 

22 

2.564 

1.582 

2 

56 

2.183 

1.645 

31 

1.943 

1.699 

1 

48 

1.681 

1.777 

06 

1.538 

1.798 

Oct.  28,  a.  m.3 

3 

49 

3. 278 

1.496 

22 

2.610 

1.588 

2 

56 

2.224 

1.675 

31 

1.972 

1.731 

1 

52 

1.717 

1.755 

05 

1.554 

1.777 

Oct.  29,  a.  m.3 

3 

32 

2. 833 

1.546 

09 

2.400 

1.628 

2 

44 

2.091 

1.663 

19 

1.881 

1.707 

1 

47 

1.698 

1.740 

21 

1.600 

1.777 

Oct.  31,  a.  m.3 

3 

46 

3.275 

1.529 

20 

2. 633 

1.637 

H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R 


Sept.  17,  a.  m. 


ft.  m. 
1  24 
20 


1.260 

1.253 


1.788 

1.777 


Sept.  19,  p.  m.2 


1.333 
1.346 
1.359 
1.373 
1.491 
1.511 
1.531 
1.686 
1.714 
1.742 
1.953 
1.998 
2.047 
2. 272 
2.338 
2.406 
2.704 
2.800 
3.081 
3.207 
3. 690 
3.892 


1.682 

1.688 

1.678 

1.678 

1.665 

1.641 

1.645 

1.612 

1.600 

1.595 

1.576 

1.564 

1.546 

1.531 

1.519 

1.497 

1.480 

1.477 

1.412 

1.396 

1.276 

1.303 


Sept.  20,  a.  m.2 


2. 940 
2. 831 
2.731 
2.637 
2. 428 
1.890 
1.850 
1.812 
1.591 
1.567 
1.546 
1.457 
1.440 
1.424 
1.319 
1.308 
1.298 
1.254 
1.248 
1.242 


1.436 

1.485 

1.462 

1.501 

1.545 

1.622 

1.629 

1.660 

1.689 

1.704 

1.689 

1.690 
1.697 
1.720 
1.741 
1.731 
1.739 
1.726 
1.731 
1.744 


Sept.  30,  a.  m.s 


2. 776 
2. 683 


1.586 

1.628 


Oct.  9,  a.  m. 


ft.  m. 
3  32 
06 
2  41 


2.302 

1.986 

1.771 

1.432 

1.347 


1.602 

1.657 

1.698 

1.744 

1.783 


Oct.  10,  a.  m.3 


2. 968 
2.855 
2.340 
2.012 
1.783 
1.602 
1.467 
1.395 


1.518 

1.525 

1.612 

1.648 

1.703 

1.717 

1.761 

1.755 


Oct.  11,  a.  m.s 


3  27 
02 

2  10 
1  42 


2.276 

1.975 

1.605 

1.487 


1.635 

1.689 

1.747 

1.754 


Oct.  13,  a.  m.3 


2. 346 
2.020 
1.811 
1.607 
1.477 
1.398 


1.623 

1.674 

1.729 

1.749 

1.766 

1.789 


Oct.  19,  a.  m.3 


3  30 
05 
2  39 
02 
1  24 


2.509 
2.149 
1.897 
1.659 

1.510 


1.525 

1.609 

1.639 

1.707 

1.712 


Oct.  21,  a.  m.3 


2.412 

2.079 

1.862 

1.650 

1.546 


1.629 

1.671 

1.741 

1.783 

1.787 


Oct.  22,  a.  m.3 


3  50 
25 


3.070 

2.510 


1.567 

1.641 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 

3  Observer,  C.  G.  A. 
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Table  26. — Pyrheliometer  readings,  Mount  Wilson,  California,  1908 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.' — Observers,  C.  G.  A.  and  L.  B.  A.] 


H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

Oct.  31,  a.  m. 

Nov.  8,  a.  m. 

Nov.  10,  a.  m. 

Nov.  11,  a.  m. 

Nov.  17,  a. 

m. 

7t.  m. 

h.  m. 

h.  m. 

h.  m. 

h.  m. 

2  53 

2.237 

1.731 

1  48 

1.840 

1.671 

2  50 

2.403 

1.636 

1  25 

1.764 

1.728 

2  42 

2.446 

1.695 

49 

2.191 

1.687 

19 

1.707 

1.661 

25 

2.125 

1.680 

0  45 

1.655 

1.738 

14 

2.141 

1.737 

23 

1.952 

1.734 

1  55 

1.900 

1.724 

1  36 

1.888 

1.777 

1  47 

1.727 

1.775 

24 

1.749 

1.751 

Nov.  12,  a.  m.1 2 

06 

1.766 

1.798 

17 

1.617 

1.808 

0  53 

1.660 

1.757 

3  42 

3.670 

1.494 

13 

1.605 

1.815 

18 

2.932 

1.583 

Nov,  18.  a,  m.2 

3  36 

3.330 

1.484 

2  54 

2.501 

1.647 

11 

2.706 

1.562 

nov»  11.  a.  m.2 

26 

2.170 

1.731 

Nov.  8.  a.  m.2 

2  46 

2.332 

1.634 

3  40 

3. 830 

1.361 

1  58 

1.946 

1.726 

16 

3.053 

1.468 

3  39 

3.512 

1.424 

22 

1.764 

1.758 

2  51 

2.584 

1.555 

3  37 

3.324 

1.368 

15 

2.837 

1.513 

Nov.  17,  a.  m.2 

27 

2.287 

1.599 

09 

1  50fi 

2  4Q 

2  411 

1  599 

1  51 

1  Qsn 

1  573 

2  43 

2.277 

1.579. 

3  41 

3.546 

1.464 

27 

2.163 

1.666 

3  35 

3.595 

1.566 

13 

1.806 

1.685 

16 

2.018 

1.630 

14 

2.790 

1.570 

1  55 

1.914 

1.713 

11 

2.915 

1.648 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A. 


Table  27 .—Pyrheliometer  readings,  Mount  Wilson,  California,  1909. 

[Pyrheliometer  A.  P.  O.  IV.' — Observers,  C.  G.  A.  and  L.  R.  I.] 


June  1,  a.  m.2 


h.  m. 
5  08 
04 
4  25 


2.614 

2.530 

1.926 

1.526 

1.500 

1.277 

1.263 

1.172 

1.161 

1.061 


1.482 

1.488 

1.582 

1.668 

1.646 

1.715 

1.688 

1.723 

1.723 

1.740 


June  2,  a.  m.2 


3.204 

2.513 

2.433 

2.057 

2.003 

1.573 

1.545 

1.353 

1.337 

1.175 

1.164 


1.409 

1.504 

1.510 

1.563 

1.587 

1.677 

1.658 

1.683 

1.686 

1.751 

1.726 


June  3,  a.  m.2 


5  33 
29 
02 
4  58 


3.300 
3. 165 
2.470 
2.398 


1.346 

1.359 

1.445 

1.461 


H.  A. 

Sec.  Z. 

R. 

June  3,  a.  m. 

ft.  m. 

4  34 

2.028 

1.541 

30 

1.974 

1.542 

3  42 

1.544 

1.625 

38 

1.518 

1.618 

2  53 

1.300 

1.685 

49 

1.284 

1.680 

03 

1.149 

1.717 

1  59 

1.141 

1.754 

June  4,  a.  m.2 

5  27 

3.093 

1.394 

02 

2.460 

1.505 

4  58 

2.382 

1.489 

31 

1.987 

1.579 

27 

1.940 

1.585 

3  36 

1.505 

1.705 

32 

1.481 

1.690 

2  49 

1.283 

1.708 

45 

1.269 

1.703 

09 

1.165 

1.749 

05 

1.155 

1.762 

June  6,  a.  m.2 

5  31 

3.205 

1.429 

05 

2.507 

1.535 

01 

2.432 

1.548 

4  36 

2.040 

1.599 

3  45 

1.554 

1.682 

11 

1.377 

1.718 

H.  A. 

Sec.  Z. 

R. 

June  6,  a. 

m. 

ft.  m. 

3  07 

1.358 

1.698 

2  33 

1.227 

1.740 

29 

1.215 

1.767 

June  7,  a.  m.2 

4  58 

2.375 

1.504 

54 

2.307 

1.500 

30 

1.966 

1.555 

3  37 

1.508 

1.678 

33 

1.486 

1.673 

2  51 

1.288 

1.691 

47 

1.275 

1.698 

15 

1.176 

1.718 

11 

1.166 

1.695 

June  8,  a.  m.2 

5  23 

2. 948 

1.405 

01 

2.428 

1.527 

4  38 

2.062 

1.573 

3  63 

1.608 

1.669 

20 

1.418 

1.712 

16 

1.400 

1.703 

2  45 

1.267 

1.720 

41 

1.253 

1.723 

June  9,  a.  m.2 

H.  A. 

Sec.  Z. 

R. 

June  9,  a.  m. 

ft.  m. 

4  56 

2.338 

1.463 

32 

1.987 

1.515 

3  44 

1.548 

1.613 

04 

1.342 

1.639 

00 

1.327 

1.645 

2  17 

1.180 

1.658 

June  11,  a.  m.2 

5  37 

3.398 

1.414 

11 

2.610 

1.515 

07 

2.522 

1.526 

4  42 

2. 103 

1.608 

3  58 

1.645 

1.686 

09 

1.366 

1.753 

2  30 

1.217 

1.779 

June  12,  a. 

m.2 

3.002 

2.408 


1.341 

1.444 


3.238 

2.552 

2.471 

1.992 

1.567 

1.539 

1.347 

1.321 

1.189 

1.178 


1.419 

1.504 

1.503 

1.588 

1.682 

1.676 

1.711 

1.733 

1.759 

1.771 


H.  A. 

Sec.  Z. 

R. 

June  15,  a.  m.2 

ft.  m. 

5  27 

3.016 

1.403 

00 

2.382 

1.492 

4  28 

1.928 

1.576 

3  36 

1.499 

1.680 

32 

1.476 

1.671 

2  53 

1.293 

1.697 

49 

1.280 

1.685 

June  16,  a.  m.2 

5  24 

2.928 

1.347 

4  58 

2.342 

1.414 

54 

2.275 

1.417 

31 

1.963 

1.484 

3  47 

1.565 

1.626 

43 

1.539 

1.592 

2  51 

1.287 

1.646 

47 

1.273 

1.670 

June  20,  a.  m.2 

5  30 

3.106 

1.299 

16 

2.717 

1.381 

12 

2.621 

1.392 

4  43 

2.111 

1.498 

3  50 

1.583 

1.642 

46 

1.555 

1.636 

2  58 

1.308 

1.705 

54 

1.292 

1.708 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A. 
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Table  27. — Pyrheliometer  readings,  Mount  Wilson,  California,  1909 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1 — Observers,  C.  G.  A.  and  L.  R.  I.] 


June  21,  a.  m.2 


h.  m. 


5  39 

3.410 

1.333 

35 

3.264 

1.348 

20 

2. 814 

1. 418 

16 

2.712 

1.431 

4  57 

2.324 

1.494 

53 

2.256 

1.507 

30 

1.946 

1.567 

26 

1.899 

1.587 

3  47 

1.561 

1.657 

43 

1.533 

1.648 

2  52 

1.284 

1.718 

48 

1.268 

1.709 

June  22,  a.  m.2 

5  49 

3.850 

1.256 

45 

3.658 

1.270 

29 

3.074 

1.352 

25 

2.948 

1.377 

01 

2.396 

1.447 

4  57 

2.322 

1.473 

35 

2.005 

1.543 

31 

1.957 

1.548 

June  23,  a.  m.2 

5  27 

3.012 

1.371 

19 

2.793 

1.406 

4  51 

2.227 

1.514 

3  46 

1.552 

1.645 

04 

1.333 

1.695 

2  09 

1. 158 

1.736 

June  24,  a.  m.2 

5  31 

3. 137 

1.357 

4  52 

2. 242 

1.520 

48 

2. 180 

1.507 

3  51 

1.590 

1. 615 

05 

1.335 

1.688 

2  03 

1. 143 

1.711 

June  25,  a.  m.2 

5  35 

3.271 

1.387 

31 

3. 137 

1.424 

15 

2.692 

1.478 

11 

2.598 

1.504 

4  54 

2.275 

1.524 

50 

2.210 

1.561 

28 

1.924 

1.602 

24 

1.879 

1. 613 

3  44 

1.541 

1.691 

2  40 

1.241 

1.747 

36 

1.228 

1.762 

June  2G,  a.  m.2 


h.  m. 
5  41 
37 
17 
13 
4  56 
52 
33 
29 
3  52 
48 
2  59 
55 


3.500 
3.344 
2. 742 
2. 644 
2.310 
2.242 
1.984 
1.936 
1.597 
1.569 
1.313 
1.296 


1.336 
1.340 
1.458 
1.482 
1.614 
1.524 
1.570 
1.601 
1.649 
1.652 
1.730 
1. 725 


June  27,  a.  m.2 


3.245 
2.580 
2.114 
1.366 
1.348 
1. 193 


1.371 

1.459 

1.531 

1.689 

1.689 

1.710 


June  28,  a.  m.2 


3.280 
2. 626 
2. 100 
1.578 
1. 248 
1.235 


1.377 

1.475 

1.572 

1.649 

1.742 

1.738 


June  29,  a.  m.2 


3.284 
3.149 
2.519 
2.442 
1.974 
1.927 
1.607 
1.579 
1.338 
1.185 
1. 175 
1.082 
1.076 


1.324 
1.351 
1.456 
1.470 
1.525 
1.551 
1.626 
1.601 
1.688 
1.681 
1.711 
1. 727 
1.730 


July  4,  a.  m.2 


2.500 

2.422 

2.048 

1.996 

1.593 

1.565 


1.552 

1.564 

1.622 

1.654 

1.713 

1.719 


H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

July  4,  a.  m. 

July  8,  a.  m. 

July  12,  a. 

m. 

ft.  m. 

ft.  m. 

ft.  m. 

2  55 

1.302 

1.828 

3  49 

1.595 

1.712 

3  26 

1.450 

1.681 

51 

1.286 

1.819 

23 

1.433 

1.728 

22 

1.433 

1.698 

1  41 

1. 106 

1.812 

19 

1.413 

1.725 

2  44 

1.266 

1.724 

37 

1.100 

1.801 

2  38 

1.244 

1.772 

34 

1.232 

1.757 

July  13,  a.  m.2 

July  5,  a.  m.2 

July  9,  a.  m.2 

5  46 

3.910 

1.266 

5  23 

2.939 

1.489 

42 

3.708 

1.302 

4  58 

2.371 

1.555 

5  30 

3.189 

1.465 

28 

3.169 

1.375 

28 

1.939 

1.628 

26 

3.057 

1.473 

24 

3.044 

1.349 

3  35 

1.499 

1.705 

08 

2.592 

1.549 

03 

2.512 

1.456 

2  44 

1.258 

1.744 

4  57 

2.370 

1.594 

4  59 

2.430 

1.478 

40 

1.246 

1.730 

53 

2.300 

1.588 

34 

2.040 

1.558 

34 

2.025 

1.642 

30 

1.989 

1.563 

30 

1.975 

1.631 

3  54 

1.638 

1.646 

July  6,  a. 

3  54 

1.632 

1.708 

50 

1.607 

1.646 

50 

1.604 

1.705 

18 

1. 413 

1.686 

5  08 

2.576 

1.456 

24 

1.440 

1.747 

14 

1.393 

1.697 

04 

2.491 

1.470 

20 

1.420 

1.739 

2  36 

1.242 

1.741 

4  37 

2.052 

1.542 

2  55 

1.306 

1.752 

32 

1.230 

1.727 

33 

2.002 

1.552 

51 

1.290 

1.776 

04 

1.703 

1.605 

juiy  14.  a.  m.a 

00 

1.671 

1.614 

July  10,  a.  m.2 

3  21 

1.419 

1.684 

5  46 

3.937 

17 

1.399 

1.673 

1.331 

5  38 

3.496 

1.354 

42 

3.735 

1.352 

34 

3.340 

1.361 

26 

3.121 

1.446 

July  7,  a.  m.2 

17 

2.808 

1.443 

22 

2.998 

1.456 

13 

2. 712 

1.470 

4  59 

2.440 

1.528 

5  57 

4.420 

1.368 

4  54 

2.323 

1.527 

55 

2.365 

1.544 

53 

4.174 

1.363 

50 

2.256 

1.537 

34 

2.046 

1.596 

31 

3.206 

1.488 

35 

2.040 

1.546 

30 

1.995 

1.588 

27 

3.073 

1.509 

31 

1.990 

1.571 

3  59 

1.682 

1.653 

04 

2.498 

1.584 

3  56 

1.648 

1.637 

55 

1.650 

1.666 

00 

2. 418 

1.616 

52 

1.620 

1.649 

05 

1.350 

1.732 

4  36 

2.044 

1.658 

12 

1.380 

1.695 

01 

1.334 

1.736 

32 

1.993 

1.676 

08 

1.361 

1.680 

3  55 

1.635 

1.744 

2  34 

1.232 

1.716 

July  15.  a.  m  2 

51 

1.607 

1.732 

30 

1.220 

1.695 

21 

1.421 

1.760 

17 

1.401 

1.742 

5  53 

4.350 

1.384 

July  11.  a.  m  2 

2  37 

1.237 

1.800 

49 

4.110 

1.389 

33 

1.225 

1.787 

30 

3.260 

1.505 

1  44 

1.108 

1.826 

5  28 

3.142 

1.407 

26 

3.128 

1.513 

40 

1.102 

1.817 

06 

2.564 

1.496 

4  58 

2.426 

1.613 

4  41 

2.130 

1.559 

54 

2.353 

1.636 

3  45 

1.575 

1.680 

36 

2.075 

1.666 

July  8,  a.  m  2 

2  56 

1.312 

1.688 

3  59 

1.684 

1.748 

52 

1.296 

1.696 

55 

1.652 

1.721 

5  40 

3.559 

1.428 

09 

1.166 

1.716 

2  49 

1.286 

1.820 

36 

3.397 

1.441 

45 

1.270 

1.820 

24 

2.987 

1.509 

July  12.  a.  m.a 

20 

2.872 

1.522 

July  16.  a.  m.2 

01 

2.442 

1.569 

5  40 

3.605 

1.369 

4  57 

2.366 

1.570 

35 

2.035 

1.617 

19 

2.886 

1.448 

5  04 

2.557 

1.469 

31 

1.984 

1.658 

4  49 

2.239 

1.540 

4  41 

2. 151 

1.534 

3  53 

1.623 

1.703 

01 

1.693 

1.626 

3  51 

1.624 

1.623 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  R.  I. 

*  Observer,  C.  G.  A. 
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Table  27. — PyrJieliometer  readings,  Mount  Wilson,  California,  1909 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1— Observers,  C.  G.  A.  and  L.  R.  I.] 


H.  A. 

Sec.  Z. 

R. 

July  16,  a.  m. 

ft.  to. 

3  17 

1.412 

1.674 

2  02 

1.152 

1.714 

July  17,  a.  m.2 

5  26 

3. 162 

1.317 

04 

2.566 

1.387 

4  39 

2.128 

1.485 

3  49 

1.610 

1.571 

2  31 

1.227 

1.672 

27 

1.215 

1.672 

July  20,  a.  m.2 

5  40 

3.762 

1.338 

36 

3.582 

1.342 

21 

3.034 

1.421 

17 

2.915 

1.431 

4  54 

2.393 

1.507 

35 

2.091 

1.551 

3  57 

1.685 

1.624 

53 

1.653 

1.605 

16 

1.416 

1.666 

12 

1.396 

1.690 

2  25 

1.215 

1.738 

21 

1.203 

1.713 

July  21,  a.  m.2 

5  26 

3.217 

1.380 

07 

2.670 

1.439 

03 

2.581 

1.464 

4  34 

2.082 

1.555 

3  56 

1.681 

1.618 

27 

1.480 

1.654 

23 

1.456 

1.655 

2  22 

1.208 

1.714 

18 

1.196 

1.703 

July  22,  a.  m.2 

5  32 

3.459 

1.276 

28 

3.307 

1.289 

01 

2.551 

1.404 

4  57 

2.470 

1.426 

32 

2.062 

1.495 

3  57 

1.693 

1.562 

53 

1.661 

1.576 

24 

1.468 

1.617 

20 

1.444 

1.630 

2  55 

1.324 

1.646 

02 

1.158 

1.681 

H.  A. 

Sec.  Z. 

R. 

July  30,  a.  m. 

ft.  TO. 

5  05 

2.734 

1.470 

01 

2.640 

1.471 

4  30 

2.088 

1.569 

3  04 

1.380 

1.721 

00 

1.361 

1.715 

2  33 

1.257 

1.733 

29 

1.245 

1.739 

July  31,  a.  m.2 

5  28 

3.502 

1.351 

24 

3.340 

1.375 

08 

2.833 

1.448 

04 

2.729 

1.456 

4  35 

2. 175 

1.555 

31 

2.114 

1.559 

3  55 

1.715 

1.635 

51 

1.683 

1.635 

10 

1.416 

1.683 

06 

1.396 

1.693 

2  04 

1.178 

1.745 

00 

1. 169 

1.727 

Aug.  1,  a.  m.2 

5  13 

2.987 

1.472 

4  49 

2,412 

1.553 

3  52 

1.691 

1.689 

09 

1.412 

1.765 

1  31 

1.113 

1.825 

27 

1.106 

1.844 

Aug.  2,  a.  m.2 

5  15 

3.074 

1.479 

4  46 

2.372 

1.609 

3  52 

1.695 

1.742 

01 

1.375 

1.792 

2  18 

1.219 

1.826 

Aug.  3,  a.  m.2 

5  13 

3.027 

1.422 

09 

2.909 

1.454 

4  55 

2. 560 

1.501 

51 

2.477 

1.518 

35 

2. 195 

1.557 

3  53 

1.711 

1.644 

49 

1.677 

1.635 

2  59 

1.370 

1.697 

55 

1.352 

1.692 

10 

1.199 

1.731 

06 

1. 189 

1.723 

H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R 


July  26,  a.  m.3 


ft.  m. 
5  41 
21 
4  54 
50 
10 
3  38 
01 

2  21 


3.960 

3.130 

2.446 

2.370 

1.830 

1.565 

1.355 

1.215 


1.337 

1.417 

1.532 

1.542 

1.634 

1.673 

1.722 

1.737 


July  27,  a.  m.2 


3.735 
3.562 
2. 960 
2.843 
2.478 
2.400 
2.052 
1.714 
1.680 
1.380 
1.362 


1.431 

1.429 

1.512 

1.538 

1.577 

1.597 

1.650 

1.719 

1.717 

1.778 

1.784 


July  28,  a.  m.2 


3.555 

3.398 

2.894 

2.786 

2.415 

2.090 

1.692 

1.660 

1.456 

1.434 

1.243 

1.231 


1.397 

1.432 

1.490 

1.485 

1.582 

1.615 

1.709 

1.721 

1.752 

1.758 

1.794 

1.779 


July  29,  a.  m.! 


3.369 
3.219 
2.746 
2.652 
2. 141 
2.082 
1.704 
1.460 
1.440 
1.257 
1.245 


1.442 

1.477 

1.527 

1.513 

1.639 

1.648 

1.728 

1.766 

1.769 

1.795 

1.793 


July  30,  a.  m.2 


3.513 

3.350 


1.367 

1.385 


Aug.  4. a.  m.2 


ft.  m. 
5  24 
20 
02 
4  58 
31 
3  57 
53 
09 
05 
1  56 
52 


3.446 
3. 290 
2.741 
2.645 
2. 147 
1.753 
1.717 
1.423 
1.403 
1.166 
1.157 


1.258 

1.285 

1.360 

1.381 

1.476 

1.537 

1.554 

1.643 

1.631 

1.689 

1.692 


Aug.  6,  a.  m.2 


5  07 

2.907 

1.313 

03 

2.799 

1.349 

4  53 

2.561 

1.378 

49 

2.478 

1.372 

31 

2. 164 

1.434 

3  52 

1.720 

1.520 

48 

1.686 

1.552 

07 

1.419 

1.600 

03 

1.399 

1.602 

Aug.  7,  a.  m.3 

4  59 

2. 715 

1.383 

35 

2.238 

1.446 

3  57 

1.769 

1.515 

16 

1.471 

1.592 

12 

1.448 

1.592 

2  21 

1.240 

1.653 

Aug.  8,  a.  m.3 

5  14 

3.178 

1.434 

4  53 

2.588 

1.510 

29 

2. 150 

1.601 

3  43 

1.658 

1.664 

39 

1.626 

1.697 

2  59 

1.388 

1.724 

55 

1.369 

1.712 

02 

1.190 

1.784 

Aug.  9,  a.  m.3 

5  10 

3.070 

1.483 

4  51 

2.564 

1.561 

28 

2. 148 

1.627 

3  47 

1.697 

1.683 

08 

1.437 

1.745 

04 

1.417 

1.758 

2  18 

1.237 

1.784 

Aug.  10,  a.  m.2 


ft.  TO. 

5  17 

3.337 

1.424 

13 

3.192 

1.450 

4  59 

2.773 

1.515 

65 

2. 668 

1.516 

33 

2.237 

1.600 

3  57. 

1.790 

1.675 

53 

1.753 

1.675 

08 

1.440 

1.752 

04 

1.420 

1.758 

2  27 

1.270 

1.767 

23 

1.258 

1.772 

All 

g.  11,  a.  m.2 

5  10 

3. 118 

1.365 

06 

2.990 

1.411 

4  65 

2.685 

1.453 

51 

2.590 

1.456 

33 

2.250 

1.511 

3  59 

1.818 

1.592 

55 

1.778 

1.614 

00 

1.402 

1.684 

2  56 

1.382 

1.692 

10 

1.219 

1.742 

06 

1.208 

1.716 

Aug.  13,  a. 

m.2 

5  15 

3.350 

1.586 

11 

3.208 

1.597 

4  55 

2.725 

1.640 

51 

2.630 

1.649 

31 

2.243 

1.702 

3  57 

1.812 

1.770 

53 

1.774 

1.774 

03 

1.425 

1.843 

2  59 

1.405 

1.838 

03 

1.204 

1.900 

Aug.  19,  a.  m.2 

5  00 

3.002 

1.255 

4  29 

2.292 

1.355 

25 

2.224 

1.351 

3  39 

1.697 

1.497 

2  47 

1.376 

1.572 

14 

1.256 

1.601 

1  27 

1.146 

1.650 

Aug.  21,  a.  m.2 


5  11 

3.450 

1.281 

4  47 

2.694 

1.394 

3  40 

1.719 

1.576 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  R.  I. 

3  Observer,  C.  G.  A. 
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Table  27 .-—Pyrheliometer  readings,  Mount  Wilson,  California,  1909 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1 — Observers,  C.  O.  A.  and  L,  R.  I.] 


H. 

A. 

Sec.  Z. 

R. 

Aug.  21,  a.  m. 

h. 

m. 

2 

57 

1.435 

1.633 

1 

58 

1.216 

1.671 

25 

1.148 

1.676 

Aug.  22,  a.  m.2 

5 

03 

3. 175 

1.389 

4 

39 

2.526 

1.495 

3 

45 

1.770 

1.620 

2 

43 

1.371 

1.698 

1 

54 

1.210 

1.715 

Aug.  23,  a. 

m.2 

H. 

A. 

Sec.  Z. 

R. 

Sept.  1,  a.  m.2 

h. 

m. 

4 

59 

3. 380 

1.545 

35 

2.643 

1.642 

02 

2.072 

1.707 

3 

08 

1.568 

1.802 

2 

12 

1.305 

1.842 

1 

29 

1.194 

1.865 

Sept.  2,  a.  m.2 

4 

52 

3. 164 

1.559  r 

25 

2.456 

1.659 

3 

45 

1.879 

1.754 

01 

1.522 

1.807 

2 

13 

1.313 

1.857 

1 

02 

1.152 

1.873 

0 

58 

1.148 

1.857 

Sept.  3,  a.  m.2 

4 

53 

3.180 

1.483 

28 

2. 569 

1.606 

3 

59 

2.080 

1.703 

2 

57 

1. 515 

1.776 

1 

50 

1.242 

1.792 

Sept.  4,  a.  m. 2 

4 

28 

2.557 

1.440 

3 

54 

2.002 

1.590 

06 

1.573 

1.694 

2 

24 

1.359 

1.734 

1 

24 

1.192 

1.792 

Sept.  5,  a.  m.2 

4 

58 

3.489 

1.360 

32 

2. 666 

1.493 

3 

35 

1.807 

1.631 

2 

48 

1.475 

1.675 

06 

1.303 

1.722 

Sept.  14,  a. 

m.3 

4 

32 

2.912 

1.563 

10 

2. 409 

1.639 

3 

17 

1.744 

1.729 

2 

24 

1.424 

1.769 

1 

08 

1.214 

1.758 

Sept.  15,  a. 

m.8 

4 

30 

2.888 

1.501 

07 

2.375 

1.584 

H. 

A. 

Sec.  Z. 

R. 

Oct.  8,  a.  m. 

ft. 

m. 

3 

20 

2. 121 

1.613 

2 

50 

1.820 

1.694 

11 

1.574 

1.737 

1 

09 

1.373 

1.764 

Oct.  9,  a.  m.3 

4 

21 

3.533 

1.486 

01 

2.883 

1.570 

3 

40 

2  433 

1.633 

04 

1.962 

1.724 

2 

18 

1.620 

1.779 

1 

09 

1.381 

1.808 

Oct.  10,  a.  m.3 

3 

57 

2.816 

1.594 

27 

2.253 

1.678 

00 

1.938 

1.741 

2 

25 

1.674 

1.785 

Oct.  14,  a.  m.3 

4 

12 

3.419 

1.444 

3 

54 

2.870 

1.524 

29 

2.370 

1.617 

06 

2.067 

1.670 

2 

18 

1.679 

1.740 

1 

07 

1.420 

1.829 

Oct.  15,  a.  m.3 

3 

53 

2.879 

1.516 

32 

2.444 

1.585 

09 

2. 120 

1.639 

2 

30 

1.768 

1.704 

1 

35 

1.501 

1.742 

0 

36 

1.381 

1.753 

H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R 


5  02 
4  39 
3  36 
2  49 
01 


3.176 

2.549 

1.701 

1.404 

1.232 


1.388 

1.494 

1.646 

1.719 

1.735 


Aug.  24,  a.  m.2 


3.072 

2.367 

1.787 

1.380 

1.121 

1.117 


1.494 
1.609 
1.700 
1  762 
1.813 
1.826 


Aug.  25,  a.  m.2 


5  07 
4  40 
3  42 
00 

2  11 


3.432 

2.612 

1.770 

1.473 

1.269 


1.399 
1. 472( 
1.675 
1.715 
1.752 


Aug.  28,  a.  m.2 


5  02 
4  38 
3  50 
01 
1  47 


3.335 

2.625 

1.876 

1.496 

1.217 


1.196 

1.305 

1.470 

1.564 

1.639 


Aug.  30,  a.  m.2 


4  59 
37 
3  06 
2  34 
1  29 


3.294 

2.644 

1.537 

1.374 

1.186 


1.156 

(1.213 

1.463 

1.521 

1.598 


Sept.  15,  a.  m. 


h.  m. 
3  40 
02 
2  15 
01 
1  57 
12 
08 


1.983 

1.640 

1.395 

1.344 

1.331 

1.225 

1.219 


1.629 

1.732 

1.774 

1.763 

1.750 

1.772 

1.759 


Sept.  16,  a.  m.3 


2.863 
2.342 
2. 010 
1.629 
1.398 
1.245 


1.480 

1.563 

1.627 

1.667 

1.700 

1.743 


Sept.  18,  a.  m.3 


22 

2.765 

1.353 

57 

2.267 

1.475 

28 

1.894 

1.566 

56 

1.628 

1.611 

16 

1.421 

1.676 

13 

1.244 

1.667 

09 

1.238 

1.685 

Sept.  19,  a.  m.3 


25 

2.865 

1.521 

02 

2.364 

1.571 

38 

2. 016 

1.660 

05 

1.698 

1.732 

23 

1.454 

1.775 

20 

1.261 

1.779 

Sept.  20,  a.  m.3 


20 

2.766 

1.460 

59 

2.336 

1.549 

34 

1.983 

1.599 

03 

1.695 

1.622 

21 

1.455 

1.664 

12 

1.252 

1.745 

Sept.  21,  a. 

m.3 

17 

2.724 

1.539 

56 

2.306 

1.620 

33 

1.988 

1.655 

52 

1.630 

1.714 

53 

1.357 

1.779 

10 

1.255 

1.792 

Sept.  22,  a.  m.3 


h.  m. 


2.881 

2.380 

1.886 

1.586 

1.394 

1.280 


1.385 

1.469 

1.550 

1.636 

1.666 

1.705 


Sept.  29,  a.  m.3 


2.891 

2.424 

2.043 

1.710 

1.434 

.1.306 


1.499 

1.572 

1.614 

1.694 

1.740 

1.788 


Oct.  1,  a.  m.3 


3.027 

2.515 

2.158 

1.800 

1.534 

1.348 


1.459 

1.544 

1.578 

1.636 

1.709 

1.742 


Oct.  4,  a.  m.3 


4  03 
3  41 
19 
2  38 
1  51 


2.774 

2.336 

2.039 

1.683 

1.453 


1.533 

1.612 

1.635 

1.714 

1.755 


Oct.  5,  a.  m.: 


4  09 
3  49 
24 

2  28 
1  33 


2.965 

2.499 

2.116 

1.635 

1.407 


1.500 

1.585 

1.647 

1.726 

1.786 


Oct.  6,  a.  m.3 


3  56 

2.671 

1.553 

34 

2.272 

1.595 

2  54 

1.828 

1.675 

13 

1.567 

1.718 

1  00 

1.344 

1.734 

Oct.  8,  a.  m.3 

4  04 

2.929 

1.495 

3  43 

2.462 

1.555 

Oct.  17,  a.  m.3 


f  1.516 

3  53 

2.940 

|  or 

[  1.487 

31 

2.472 

1.573 

03 

2.085 

1.636 

2  29 

1.786 

1.697 

1  52 

1.583 

1.725 

14 

1.460 

1.760 

Oct.  19,  a.  m.3 

3  48 

2.875 

1.563 

27 

2.450 

1.630 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  R.  I. 

3  Observer,  C.  G.  A. 
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Table  27. — Pyrlieliometer  readings,  Mount  Wilson,  California,  1909 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1— Observers,  C.  G.  A.  and  L.  R.  I.] 


H. 

A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

Oct.  19,  a.  m. 

Oct.  22,  a.  m.2 

Oct.  23,  a.  m. 

Oct.  31,  a.  m.2 

Nov.  1,  a.  m. 

ft. 

m. 

ft.  TO. 

ft. 

m. 

ft.  TO. 

ft. 

ra. 

3 

02 

2.109 

1.672 

3  48 

2.986 

1.654 

2 

32 

1.896 

1.832 

3  48 

3.340 

1.460 

2 

27 

1.991 

1.751 

2 

27 

1.799 

1.735 

30 

2.586 

1.692 

1 

40 

1.602 

1.844 

30 

2.849 

1.539 

1 

07 

1.592 

1.829 

1 

46 

1.580 

1.765 

03 

2. 181 

1.786 

2  02 

1.803 

1.728 

0 

34 

1.532 

1.840 

0 

52 

1.437 

1.806 

2  24 

1.821 

1.819 

1  58 

1.780 

1.718 

Oct.  24.  a.  m.2 

Nov.  2.  a.  m.2 

1  36 

1.575 

1.879 

54 

1.760 

1.735 

46 

3.351 

1.619 

Oct.  20,  a.  m.2 

0  40 

1. 444 

1.885 

50 

1.740 

1.733 

3 

3 

47 

3.034 

1.569 

26 

2.816 

1.680 

3 

53 

3.050 

1.502 

Oct.  23.  a.  m.2 

26 

2.566 

1.629 

Nov.  1,  a.  m.2 

01 

2.380 

1.762 

26 

2. 463 

1.595 

2 

55 

2. 125 

1.700 

2 

18 

1.934 

1.812 

04 

2. 154 

1.651 

24 

1.848 

1.745 

3  48 

3.378 

1.518 

i 

23 

1.650 

1.875 

2 

28 

1.822 

1.711 

3  54 

3.205 

1.605 

1 

38 

1.604 

1.772 

27 

2.810 

1.597 

0 

51 

1.568 

1.884 

1 

37 

1.557 

1.756 

08 

2. 267 

1.757 

0 

57 

1.492 

1.819 

04 

2.401 

1.684 

23 

1.531 

1.866 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrlieliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A . 


Table  28. — Pyrheliometer  readings,  Mount  Wilson,  California,  1910. 

[Pyrheliometer  A.  P.  O.  IV.1— Observers,  C.  G.  A.  and  F.  E.  F.] 


H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

May  17,  p.  m.2 

May  19,  a.  m. 

ft. 

771. 

ft. 

771. 

3 

16 

1.435 

1.605 

4 

59 

2.538 

1.515 

45 

1.617 

1.558 

37 

2. 154 

1.579 

4 

15 

1.888 

1.524 

3 

45 

1.608 

1.684 

48 

2.352 

1.447 

04 

1.368 

1.738 

5 

12 

2.883 

1.372 

2 

15 

1.195 

1.804 

May  18,  a. 

m.2 

May  19,  p. 

m.2 

5 

28 

3.383 

1.402 

2 

24 

1.221 

1.749 

4 

55 

2. 467 

1.516 

3 

12 

1.408 

1.702 

29 

2.046 

1.583 

52 

1.664 

1.674 

3 

35 

1.540 

1.712 

4 

24 

1.978 

1.592 

2 

31 

1.243 

1.781 

51 

2.382 

1.518 

1 

54 

1.146 

1.817 

5 

14 

2.901 

1.426 

May  18,  p. 

m.2 

May  20,  a. 

m.2 

2 

22 

1.216 

1.744 

5 

32 

3.498 

1.427 

30 

1.240 

1.758 

12 

2.833 

1.524 

3 

31 

1.517 

1.700 

4 

39 

2. 175 

1.640 

4 

06 

1.787 

1.635 

3 

29 

1.500 

1.742 

29 

2.046 

1.607 

33 

2.098 

1.618 

Mav  26. 

m.2 

56 

2.487 

1.506 

5 

16 

2.975 

1. 422(?) 

2 

41 

1.263 

1.667 

f  1.570 

Mav  19.  a. 

m.2 

3 

22 

1.444 

<  or 

[  1.601 

5 

44 

4. 103 

1.288 

26 

1.464 

1.610 

22 

3.148 

1.408 

4 

06 

1.754 

1.551 

May  26,  p.  m. 


ft.  TO. 

4  34 
57 

5  27 


2.063 

2.431 

3.204 


1.486 

1.388 

1.290 


May  27,  a.  m.2 


3.403 

2.753 

2.128 

1.763 

1.440 

1.420 

1.235 

1.115 


1.378 

1.522 

1.610 

1.687 

1.722 

1.731 

1.761 

1.786 


May  28,  a.  m.’ 


3.244 
2.578 
2. 123 
1.679 
1.367 
1.170 


1.453 

1.546 

1.616 

1.689 

1.752 

1.789 


May  29,  a.  m.2 


5  32 
11 
4  46 
20 


3.330 

2.703 

2.220 

1.882 


1.406 

1.475 

1.568 

1.624 


May  29,  a.  m. 


ft.  TO. 

3  37 

2  56 

51 

1  48 

1.525 

1.315 

1.295 

1.124 

1.694 

1.752 

1.759 

1.792 

May  30,  a. 

m.2 

5  37 

3.519 

1.332 

12 

2.722 

1.458 

4  44 

2.188 

1.542 

05 

1.735 

1.639 

3  11 

1.380 

1.709 

2  02 

1.151 

1.759 

May  31,  a.  m.2 

5  08 

2.619 

1.413 

4  41 

2.136 

1.476 

04 

1.723 

1.572 

3  15 

1.399 

1.639 

11 

1.380 

1.644 

2  13 

1.174 

1.702 

June  1,  p. 

m.2 

2  59 

1.326 

1.671 

3  47 

1.587 

1.626 

4  21 

1.883 

1.559 

47 

2.220 

1.496 

5  12 

2.703 

1.399 

June  1,  p.  m. 


ft.  TO. 

5  31 


3.260 


1.300 


June  2,  a.  m.2 


5  20 
4  58 
18 
3  40 


2.898 

2.403 

1.848 

1.540 


1.538 

1.581 

1.691 

1.756 


June  4,  a.  m.2 


2.729 

2.236 

1.895 

1.590 

1.562 

1.278 

1.085 


1.527 

1.610 

1.663 

1.732 

1.724 

1.764 

1.771 


June  5,  a.  m.2 


5  21 
4  56 
28 
3  26 


2.900 
2. 348 
1.948 
1.450 


1.511 
1.607 
1.662 
1. 767(?) 


June  6,  a.  m.2 


2. 865 
2.  380 


1.503 

1.561 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853, 

2  Observer,  C.  G.A. 
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Table  28. — Pyrheliometer  readings ,  Mount  Wilson,  California,  1910 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.'— Observers,  C.  G.  A.  and  F.  E.  F.] 


H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R.  H.  A.  Sec.  Z.  R. 


June  6,  a.  m. 


ft.  m. 

4  31 

3  33 

2  26 

1  39 

1.981 

1.489 

1.234 

1.102 

1.639 

1.715 

1.762 

1.787 

June  8,  a.  m.2 

5  15 

2.729 

1.589 

4  55 

2.318 

1.633 

30 

1.963 

1.700 

3  55 

1.630 

1.752 

11 

1.368 

1.782 

2  12 

1.168 

1.839 

08 

1.158 

1.831 

June  9,  a.  m.2 

5  35 

3.320 

1.458 

12 

2.651 

1.551 

4  46 

2.170 

1.635 

12 

1.772 

1.689 

3  30 

1.464 

1.742 

2  32 

1.219 

1.777 

June  10,  a. 

m.2 

5  34 

3. 275 

1.246 

14 

2.693 

1.340 

4  49 

2.212 

1.436 

22 

1.868 

1.521 

3  48 

1.577 

1.585 

04 

1.336 

1.615 

2  12 

1.166 

1.667 

1  38 

1.098 

1.710 

June  11,  a. 

m.2 

5  40 

3.490 

1.416 

17 

2.761 

1.505 

4  56 

2.323 

1.577 

30 

1.956 

1.639 

3  53 

1.611 

1.688 

2  53 

1.291 

1.774 

49 

1.275 

1.790 

1  52 

1.120 

1.820 

June  12,  a. 

in.2 

5  20 

2.840 

1.582 

00 

2.395 

1.652 

4  20 

1.845 

1.732 

3  26 

1.442 

1.809 

22 

1.418 

1.783 

2  16 

1.176 

1.822 

June  13,  a.  m.2 


2.861 
2. 390 
2.026 
1.663 
1.330 
1.143 


1.455 

1.559 

1.607 

1.683 

1.737 

1.769 


June  16,  a.  m.! 


2.801 

2.368 

1.973 

1.585 

1.330 

1.162 


1.414 

1.497 

1.566 

1.629 

1.681 

1.732 


June  17,  a.  m.2 


5  43 

23 
4  57 

24 
3  43 
2  50 

43 
03 
1  55 


3.580 
2.901 
2. 326 
1.879 
1.534 
1.276 
1.250 
1.143 
1.126 


1.395 

1.464 

1.540 

1.624 

1.685 

1.740 

1.722 

1.743 

1.747 


June  18,  a.  m.2 


3.271 

2.717 

2.226 

1.825 

1.446 

1.244 

1.136 

1.128 


1.461 

1.498 

1.620 

1.660 

1.741 

1.771 

1.789 

1.777 


June  19,  a.  m.2 


2.794 

2.344 

1.972 

1.516 

1.280 

1.140 


1.547 

1.584 

1.657 

1.761 

1.769 

1.825 


June  20,  a.  m.2 


3.585 
3.382 
2. 794 
2.138 


1.392 

1.407 

1.460 

1.573 


ft.  m. 

4  22 

1.857 

1.626 

ft.  m. 

4  13 

1.772 

1.622 

3  37 

1.498 

1.716 

3  28 

1.448 

1.682 

2  50 

1.276 

1.756 

2  48 

1.270 

1.710 

1  48 

1.112 

1.788 

05 

1. 150 

1.726 

June  20,  a.  m. 


June  21,  a.  m.2 


3.410 

2.687 

2.069 

1.675 

1.328 

1.140 


1.449 

1.526 

1.626 

1.709 

1.780 

1.813 


June  24,  a.  m.2 


5 

16 

2.717 

1.434 

4 

51 

2. 226 

1.533 

21 

1.846 

1.588 

3 

35 

1.487 

1.650 

2 

42 

1.247 

1.707 

1 

18 

1.067 

1.765 

June  25,  a. 

m.2 

5 

14 

2.668 

1.443 

4 

49 

2.195 

1.528 

20 

1.840 

1.588 

3 

28 

1.450 

1.664 

2 

30 

1.210 

1.737 

1 

38 

1.092 

1.769 

June  27,  a. 

m.2 

5 

14 

2.668 

1.460 

4 

47 

2.166 

1.511 

15 

1.790 

1.603 

3 

38 

1.504 

1.671 

2 

48 

1.268 

1.715 

1 

55 

1.126 

1.744 

June  28,  a. 

m.2 

5 

33 

3.211 

1.388 

15 

2.698 

1.469 

4 

46 

2. 155 

1.564 

18 

1.823 

1.606 

3 

37 

1.499 

1.666 

2 

46 

1.262 

1.749 

1 

58 

1.132 

1.771 

June  30,  a. 

m.2 

5 

17 

2.755 

1.466 

4 

47 

2.175 

1.560 

June  30,  a.  m. 


July  2,  a.  m.2 


2.813 

2.376 

1.980 

1.604 

1.347 

1.169 


1.546 

1.612 

1.661 

1.751 

1.796 

1.831 


July  3,  a.  m.2 


2.875 
2.310 
1.935 
1.612 
1.336 
1. 128 


1.500 

1.570 

1.630 

1.707 

1.736 

1.779 


July  4,  a.  m.2 


5  17 
4  52 
28 
3  50 
00 
1  57 
53 


2.772 

2.263 

1.936 

1.593 

1.321 

1.132 

1.124 


1.510 

1.590 

1.636 

1.703 

1.734 

1.773(?) 

1.764 


July  5,  a.  m.2 


1  53 


2.883 

2.353 

1.951 

1.601 

1.289 

1.126 


1.481 

1.591 

1.660 

1.728 

1.779 

1.787 


July  6,  a.  m.2 


16 

2.758 

1.470 

50 

2. 240 

1.564 

23 

1.886 

1.617 

44 

1.555 

1.679 

49 

1.278 

1.731 

52 

1.124 

1.778 

04 

1.054 

1.785 

07 

1.022 

1.762 

H. 

A. 

Sec.  Z. 

R. 

July  7,  a.  m.2 

ft. 

m. 

5 

16 

2.765 

1.443 

4 

50 

2.245 

1.514 

23 

1.890 

1.596 

3 

42 

1.544 

1.635 

2 

55 

1.304 

1.686 

1 

57 

1.134 

1.722 

July  8,  a.  m.2 

5 

17 

2.795 

1.479 

4 

53 

2.297 

1.568 

19 

1.850 

1.633 

3 

19 

1.413 

1.698 

2 

10 

1.163 

1.757 

July  9,  a.  m.2 

5 

17 

2.801 

1.437 

4 

52 

2.284 

1.508 

26 

1.928 

1.587 

3 

47 

1.583 

1.639 

04 

1.342 

1.687 

2 

01 

1.143 

1.758 

July  10,  a. 

m.2 

5 

40 

3.579 

1.291 

21 

2.914 

1.395 

4 

57 

2.375 

1.486 

29 

1.966 

1.583 

3 

44 

1.564 

1.667 

2 

53 

1.300 

1.727 

11 

1.165 

1.741 

July  11,  a. 

m.2 

5 

18 

2.839 

1.342 

July  13,  a.  m.2 

4 

53 

2.310 

1.454 

24 

1.908 

1.521 

3 

46 

1.580 

1.591 

2 

57 

1.315 

1.649 

1 

44 

1.110 

1.722 

July  15,  a.  m.2 

5 

18 

2.886 

1.357 

4 

53 

2.336 

1.429 

24 

1.926 

1.515 

3 

45 

1.581 

1.547 

2 

58 

1.324 

1.613 

1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A. 
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Table  28. — Pyrheliometer  readings,  Mount  Wilson,  California,  1910 — Continued. 

[Pyrhellometer  A.  P.  O.  IV.1— Observers,  C.  G.A.  and  F.E.F.] 


H.  A. 

Sec.  Z. 

R. 

July  19,  a.  m.2 

ft,,  m. 

5  18 

2. 930 

1.330 

4  52 

2.347 

1.430 

19 

1.887 

1.517 

3  28 

1.479 

1. 619(?) 

2  34 

1.241 

1.645 

1  44 

1.118 

1.678 

July  28,  a.  m.2  3 

5  23 

3.233 

1.380 

01 

2.612 

1.461 

4  42 

2.252 

1.511 

34 

2. 130 

1.538 

24 

1.998 

1.543 

00 

1.742 

1.587 

3  56 

1.709 

1.598 

17 

1.443 

1.666 

13 

1.423 

1.662 

2  59 

1.354 

1.677 

55 

1.338 

1.681 

51 

1.322 

1.693 

47 

1.306 

1.676 

12 

1.190 

1.711 

08 

1.180 

1.707 

July  29,  a.  m.3 

5  26 

3.365 

1.361 

09 

2.818 

1.408 

05 

2.716 

1.443 

4  37 

2.181 

1.519 

33 

2. 121 

1.522 

3  48 

1.646 

1.592 

43 

1.608 

1.579 

1  58 

1.160 

1.662 

54 

1.152 

1.647 

July  31,  a.  m.3 

5  24 

3.332 

1.244 

30 

3.187 

1.245 

4  59 

2.607 

1.364 

55 

2.522 

1.367 

36 

2.186 

1.457 

32 

2.123 

1.467 

01 

1.766 

1.482 

3.57 

1.730 

1.521 

28 

1.515 

1.599 

24 

1.491 

1.585 

2  50 

1.322 

1.634 

36 

1.267 

1.636 

22 

1.224 

1.667 

1  54 

1.154 

1.679 

50 

1.146 

1.671 

H. 

A. 

Sec.  Z. 

R. 

Aug.  1,  a.  m.3 

ft. 

ra. 

4 

54 

2.512 

1.547 

29 

2.090 

1.612 

3 

59 

1.754 

1.693 

08 

1.407 

1.724 

2 

19 

1.218 

1.752 

1 

22 

1.100 

1.774 

Aug.  2,  a.  m.2  3 

5 

13 

3.004 

1.433 

4 

47 

2.385 

1.519 

25 

2.040 

1.562 

3 

49 

1.669 

1.622 

27 

1.516 

1.651 

2 

55 

1.350 

1.682 

14 

1.209 

1.693 

Aug.  3,  a.  m.3 

4 

06 

1.828 

1.529 

3 

46 

1.653 

1.613 

20 

1.478 

1.623 

2 

53 

1.344 

1.644 

16 

1.217 

1.689 

12 

1.205 

1.694 

1 

31 

1.114 

1.715 

26 

1.107 

1.676 

0 

48 

1.063 

1.726 

44 

1.060 

1.727 

Aug.  4,  a.  m.3 

5 

03 

2.765 

1.461 

4 

31 

2. 145 

1.570 

3 

50 

1.688 

1.632 

46 

1.656 

1.668 

08 

1.418 

1.709 

04 

1.398 

1.708 

2 

34 

1.270 

1.736 

30 

1.258 

1.722 

1 

40 

1.133 

1.728 

36 

1.125 

1.728 

0 

39 

1.059 

1.777 

35 

1.056 

1.771 

Aug.  5,  a.  m.3 

5 

41 

4. 338 

1.373 

37 

4. 104 

1.545(?) 

33 

3.886 

1.402 

12 

3.038 

1.512 

4 

49 

2.456 

1.559 

05 

1.835 

1.685 

3 

18 

1.474 

1.736 

14 

1.450 

1.747 

.  A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

Aug.  10,  a.  m.3 

Aug.  15,  a.  m.3 

m. 

ft. 

7JI. 

19 

3.403 

1.231 

5 

19 

3.566 

1.359 

15 

3.254 

1.265 

15 

3.398 

1.416 

55 

2.660 

1.365 

4 

56 

2.782 

1.462 

36 

2.280 

1.413 

37 

2.370 

1.543 

12 

1.946 

1.481 

14 

2.020 

1.629 

52 

1.742 

1.469 

10 

1.970 

1.602 

24 

1.118 

1.634 

3 

49 

1.750 

1.664 

20 

1.112 

1.642 

26 

1.565 

1.689 

56 

1.083 

1.669 

2 

41 

1.336 

1.709 

52 

1.079 

1.674 

37 

1.320 

1.736 

1 

36 

1.150 

1.774 

AUg.  12,  a. 

m.3 

21 

3.554 

Aug.  16,  a.  m.3 

1.294 

17 

3.388 

1.327 

5 

06 

3.110 

1.497 

59 

2.805 

1.441 

02 

2.978 

1.499 

40 

2.385 

1.487 

4 

30 

2.262 

1.627 

06 

1.895 

1.573 

10 

1.980 

1.662 

47 

1.713 

1.628 

3 

45 

1.723 

1.724 

43 

1.681 

1.666 

23 

1.552 

1.746 

56 

1.386 

1.707 

2 

59 

1.418 

1.777 

52 

1.368 

1.708 

24 

1.275 

1.808 

40 

1.148 

1.775 

1 

34 

1.148 

1.833 

30 

1.140 

1.834 

Aug.  13,  a.  m.8 

Aug.  17,  a.  m.3 

25 

3.772 

1.484 

21 

3.586 

1.476 

5 

24 

3.882 

1.364 

02 

2.908 

1.571 

20 

3.680 

1.377 

43 

2.459 

1.669 

00 

2.940 

1.486 

21 

2.088 

1.727 

4 

40 

2.458 

1.541 

57 

1.810 

1.734 

17 

2.082 

1.595 

53 

1.772 

1.788 

3 

53 

1.803 

1.651 

16 

1.499 

1.810 

29 

1.602 

1.694 

12 

1.475 

1.807 

2 

48 

1.374 

1.741 

42 

1.332 

1.836 

1 

42 

1.166 

1.762 

38 

1.316 

1.813 

38 

1.158 

1.781 

34 

1.140 

1.789 

30 

1.132 

1.820 

Aug.  21,  a. 

m.8 

Aue.  14.  a. 

m.3 

5 

07 

3.285 

1.200 

4 

36 

2.447 

1.328 

23 

3.713 

1.412 

10 

2.026 

1.396 

19 

3.533 

1.464 

3 

49 

1.799 

1.481 

59 

2.845 

1.551 

26 

1.606 

1.483 

40 

2.414 

1.614 

03 

1.464 

1.539 

18 

2.060 

1.678 

2 

59 

1.443 

1.543 

53 

1.778 

1.729 

32 

1.322 

1.583 

23 

1.543 

1.746 

19 

1.516 

1.746 

Aug.  22.  a,  m.8 

46 

1.354 

1.772 

42 

1.338 

I.  /84 

39 

1.152 

1.805 

5 

22 

4.010 

1.219 

35 

1.146 

1.813 

18 

3.800 

1.265(7) 

Aug.  5,  a.  m. 


ft.  m. 
2  31 
27 
1  39 
35 
0  19 


1.263 

1.251 

1.134 

1.126 

1.050 


1.801 

1.786 

1.833 

1.811 

1.811 


Aug.  6,  a.  m.a 


5  27 
06 
02 
4  44 
40 
17 
13 
3  39 
2  5^9 
55 
11 
07 
0  55 
51 


3.625 
2.879 
2. 774 
2.381 
2.310 
1.975 
1.928 
1.614 
1.380 
1.360 
1.206 
1.196 
1.075 
1.071 


1.279 
1.356(7) 
1. 400 
1.455 
1.498 

1.564 

1.565 
1.646 
1.688 
1.712 
1.721 
1.727 
1.766 
1.770 


Aug.  7,  a.  m.3 


4.484 

4.235 

3.278 

2.710 

2.114 

2.058 

1.748 

1.712 

1.312 

1.296 

1.138 

1.130 


1.096 

1.144 

1.277 

1.356 

1.479 

1.489 

1.516 

1.563 

1.652 

1.656 

1.680 

1.703 


Aug.  9,  a.  m.< 


3.715 

3.532 

2.883 

2.455 

2.035 

1.984 

1.704 

1.672 

1.342 

1.326 

1.106 

1.100 


1.208 

1.220 

1.319 

1.405 

1.518 

1.511 

1.568 

1.573 

1.653 

1.631 

1.701 

1.670 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A. 

3  Observer,  F.  E.  F. 


90 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY, 


Table  28. — Pyrheliometer  readings,  Mount  Wilson,  California,  1910 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.' — Observers,  C.  G.  A.  and  F.  E.  F.] 


H.  A. 

Sec.  Z. 

R. 

Aug.  22,  a. 

m. 

ft.  m. 

4  59 

3.045 

1.356 

40 

2.548 

1.433 

18 

2. 155 

1.472 

3  51 

1.825 

1.552 

19 

1. 562 

1.601 

2  44 

1.374 

1.636 

40 

1.368 

1.637 

1  57 

1.218 

1.664 

Aug.  23,  a.  m.3 

5  20 

3.945 

1.199 

16 

3.737 

1.205 

4  58 

3.038 

1. 292 

38 

2.526 

1.394 

17 

2. 150 

1.435 

3  56 

1.886 

1.462 

28 

1.634 

1. 546 

24 

1.606 

1.545 

2  57 

1.443 

1.551 

53 

1.423 

1.570 

1  43 

1. 187 

1.641(7) 

Aug.  25,  a. 

m.3 

5  15 

3.777 

1.210 

4  56 

3.032 

1.325 

39 

2.587 

1.377 

20 

2. 230 

1.464 

02 

1.976 

1.496 

3  42 

1.768 

1.514 

2  38 

1.364 

1.631 

34 

1.348 

1.640 

Aug.  26,  a. 

m.3 

5  17 

3.923 

1.213 

4  56 

3.056 

1.339 

37 

2.557 

1.416 

19 

2. 222 

1.464 

01 

1.975 

1.523 

3  35 

1.712 

1.580 

2  56 

1.456 

1.640 

52 

1.436 

1.661 

00 

1.240 

1.700 

Aug.  27,  a. 

m.3 

5  23 

4.345 

1.257 

19 

4.090 

1.288 

02 

3.301 

1.366 

4  42 

2.698 

1.453 

14 

2. 162 

1.545 

3  37 

1.738 

1.611 

H.  A. 

Sec.  Z. 

R. 

Sept.  7,  a.  m.3 

ft.  m. 

4  48 

3.160 

1.564 

22 

2.489 

1.640 

3  56 

2.068 

1.726 

09 

1.623 

1.770 

1  57 

1.286 

1.841 

o 

Cn 

00 

1.167 

1.852 

Sept.  8,  a.  m.3 

5  05 

3.924 

1.436 

4  43 

3.055 

1.565 

17 

2.420 

1.656 

3  47 

1.971 

1.724 

02 

1.578 

1.769 

1  51 

1.275 

1.850 

Sept.  9,  a.  m.3 

4  58 

3.653 

1.265 

39 

2.960 

1.375 

10 

2.308 

1.512 

3  29 

1.799 

1.572 

Sept.  11,  a.  m,3 

5  10 

4.465 

1.274 

4  51 

3.439 

1.376 

28 

2.724 

1.500 

3  52 

2.076 

1.585 

14 

1.693 

1.649 

2  17 

1.379 

1.743 

Sept.  12,  a.  m.3 

4  57 

3.777 

1.397 

35 

2.936 

1.488 

11 

2.389 

1.567 

3  39 

1.939 

1.639 

2  55 

1.564 

1.732 

09 

1.350 

1.756 

1  12 

1.208 

1.770 

Sept.  16,  a. 

m.8 

5  01 

4.203 

1.353 

4  42 

3.296 

1.451 

18 

2.622 

1.558 

3  48 

2.089 

1.643 

2  47 

1.551 

1.744 

1  51 

1.319 

1.787 

Sept.  17,  a.  m.3 

4  57 

4.077 

1.430 

39 

3.252 

1.535 

H.  A. 

Sec.  Z. 

R. 

Sept.  17,  a.  m. 

7i.  m. 

4  10 

2. 469 

1.626 

3  36 

1.960 

1.719 

2  51 

1.587 

1.772 

1  54 

1.335 

1.806 

Sept.  18,  a. 

in.8 

4  56 

4.093 

1.435 

36 

3.183 

1.540 

13 

2.580 

1.632 

3  36 

1.969 

1.722 

2  52 

1.598 

1.796 

1  58 

1.353 

1.840 

Sept.  19,  a.  m.3 

4  51 

3.864 

1.416 

33 

3.126 

1.502 

10 

2.530 

1.599 

3  33 

1.944 

1.710 

2  48 

1.592 

1.756 

1  54 

1.344 

1.833 

Sept.  20,  a.  m.3 

4  53 

4.011 

1.427 

34 

3.180 

1.523 

09 

2.528 

1.616 

3  32 

1.950 

1.718 

2  38 

1.544 

1.799 

1  37 

1.303 

1.842 

Sept.  21,  a. 

m.3 

H.  A. 

Sec.  Z. 

R. 

Sept.  23,  a.  m. 

ft.  m. 

4  06 

2.528 

1.526 

3  36 

2.048 

1.607 

2  39 

1.576 

1.700 

1  50 

1.365 

1.770 

Sept.  24,  a. 

m.3 

4  49 

3.991 

1.398 

30 

3.196 

1.506 

04 

2.512 

1.601 

3  28 

1.970 

1.680 

2  40 

1.590 

1.727 

1  43 

1.349 

1.756 

Sept.  25,  a.  m.3 

4  49 

4.072 

1.362 

30 

3.230 

1.442 

04 

2. 540 

1.558 

3  31 

2.026 

1.645 

2  25 

1.515 

1.729 

Sept.  26,  a. 

m.3 

4  48 

4.095 

1.294 

30 

3.272 

1.396 

05 

2.586 

1.506 

3  34 

2.078 

1.567 

2  44 

1.629 

1.680 

1  44 

1.365 

1.706 

40 

1.353 

1.723 

Sept.  27,  a. 

m.3 

4  44 

3.937 

1.317 

26 

3.162 

1.448 

01 

2.510 

1.537 

3  29 

2.018 

1.629 

2  41 

1.613 

1.710 

1  45 

1.371 

1.762 

Sept.  28,  a. 

m.3 

4  46 

4.112 

1.454 

27 

3.252 

1.537 

00 

2.534 

1.639 

3  29 

2.052 

1.682 

Oct.  2,  a.  m.3 

4  45 

4.320 

1.399 

26 

3.380 

1.500 

05 

2.750 

1.554 

Aug.  27,  a.  m. 


ft.  m. 

3  15 

2  47 

43 

1  57 

1.572 

1.415 

1.395 

1.237 

1.638 

1.666 

1.663 

1.703 

Aug.  28,  a.  m.3 1 

5  26 

4.597 

1.285 

22 

4.324 

1.316 

4  58 

3.182 

1.492 

38 

2.626 

1.536 

07 

2.076 

1.605 

3  36 

1.737 

1.650 

2  59 

1.483 

1.690 

Aug.  29,  a.  m.3 

5  09 

3.673 

1.492 

4  48 

2.905 

1.575 

23 

2.343 

1.689 

3  49 

1.875 

1.738 

45 

1.834 

1.726 

2  57 

1. 480 

1.812 

1  49 

1.225 

1.860 

0  35 

1.113 

1.888 

Sept.  1,  a.  m.33 

5  05 

3.630 

1.303 

4  41 

2.783 

1.421 

20 

2.330 

1.502 

00 

2.036 

1.514 

3  30 

1.724 

1.557 

2  41 

1.420 

1.634 

Sept.  5,  a.  m.> 

5  09 

4.010 

1.301 

4  45 

3.010 

1.425 

18 

2.381 

1.540 

3  46 

1.924 

1.614 

10 

1.610 

1.681 

2  27 

1.376 

1.720 

1  40 

1.232 

1.745 

Sept.  6,  a.  m.3 

5  03 

3.732 

1.408 

4  43 

2.992 

1.519 

17 

2.384 

1.618 

3  40 

1.873 

1.699 

2  39 

1.439 

1.715 

,  1  34 

1.224 

1.792 

pyrheliometer  A. 

P.  O.  I\ 

3.868 
3.109 
2. 489 
1.929 
1.492 
1.260 


1.473 

1.554 

1.650 

1.728 

1.777 

1.810 


Sept.  22,  a.  me 


4.058 

3.242 

2.568 

2.018 

1.513 

1.317 


1.411 

1.499 

1.600 

1.670 

1.783 

1.782 


Sept.  23,  a.  m .» 


3.981 

3.182 


1.332 

1.453 


3  Observer,  F.  E.  F. 
3  Observer,  C.  G.  A. 
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Table  28. — Pyrheliometer  readings,  Mount  Wilson,  California,  1910 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1—  Observers,  C.  G.  A.  and  F.  E.  F.] 


H. 

A. 

Sec.  Z. 

R. 

H. 

A. 

Sec.  Z. 

R. 

Oct.  2,  a.  m. 

Oct.  9,  a.  m.2 

ft. 

m. 

ft. 

m. 

3 

28 

2. 102 

1.672 

4 

36 

4.270 

1.265 

2 

26 

1.585 

1.769 

15 

3.295 

1.401 

3 

54 

2.702 

1.502 

Oct.  3,  a.  m.2 

12 

2.038 

1.632 

2 

05 

1.550 

1.709 

4 

41 

4. 150 

1.311 

22 

3.303 

1.424 

Oct.  10,  a.  m.2 

3 

57 

2.602 

1.540 

26 

2.098 

1.615 

4 

34 

4.215 

1.343 

2 

36 

1.656 

1.698 

16 

3.375 

1.456 

1 

31 

1.378 

1.752 

3 

50 

2. 649 

1.572 

13 

2. 065 

1.668 

Oct.  6,  a.  m.2 

2 

18 

1.630 

1.740 

1 

18 

1.407 

1.795 

36 

4.055 

1.343 

4 

18 

54 

3.275 

2.618 

1.438 

1.571 

Oct.  17,  a.  m.2 

3 

22 

2.106 

1.628 

4 

21 

3.950 

1.360 

2 

34 

1.679 

1.709 

3 

48 

2.803 

1.518 

1 

04 

1.346 

1.771 

10 

2.162 

1.593(7) 

2 

24 

1.748 

1.689 

Oct.  7,  a.  m.2 

1 

16 

1.465 

1.740 

4 

31 

13 

3.850 

3.138 

1.410 

1.519 

Oct.  18,  a.  m.2 

3 

49 

2.540 

1.600 

4 

27 

4.360 

1.326 

07 

1.955 

1.675 

08 

3.443 

1.440 

1 

57 

1.498 

1.756 

3 

45 

2.773 

1.513 

02 

2.089 

1.637 

Oct.  8,  a.  m.2 

2 

04 

1.648 

1.730 

1 

12 

1.465 

1.749 

38 

4.317 

1.309 

4 

18 

53 

3.352 

2.651 

1.430 

1.542 

Oct.  19,  a.  m.2 

3 

17 

2.078 

1.608 

4 

28 

4.465 

1.368 

2 

01 

1.525 

1.712 

10 

3.550 

1.477 

1 

42 

1.455 

1.730 

3 

45 

2.802 

1.589 

H. 

A. 

Sec.  Z. 

R. 

Oct.  26,  a.  m.2 

ft. 

m . 

4 

23 

4.760 

1.348 

05 

3.730 

1.455 

3 

41 

2.937 

1.560 

2 

26 

1.887 

1.721 

1 

30 

1.593 

1.753 

Oct.  27,  a.  m.2 

4 

22 

4.782 

1.329 

04 

3.750 

1.428 

3 

41 

2.980 

1.523 

02 

2.262 

1.632 

1 

58 

1.728 

1.729 

Oct.  31,  a.  m.2 

4 

12 

4.390 

1.300 

3 

54 

3.536 

1.378 

31 

2.863 

1.511 

2 

48 

2. 173 

1.614 

1 

59 

1.782 

1.685 

Nov.  1,  a.  m.2 

4 

07 

4. 170 

1.384 

3 

49 

3.401 

1.454 

26 

2.781 

1.531 

2 

39 

2.095 

1.652 

1 

43 

1.713 

1.708 

Nov.  5,  a.  m.2 

3 

54 

3.780 

1.447 

36 

3.162 

1.539 

H.  A.  Sec.  Z.  R. 


Oct.  19,  a.  m. 


ft.  m. 
3  07 
2  04 


2. 160 
1.661 


1.716 

1.809 


Oct.  20,  a.  m.2 


4  26 
08 
3  42 
07 
1  47 


4.445 
3.540 
2.764 
2. 184 
1.594 


1.392 

1.482 

1.588 

1.659 

1.760 


Oct.  23,  a.  m.2 


4  26 
07 
3  45 
09 

2  02 


4.720 
3.655 
2.940 
2. 275 
1.698 


1.341 

1.449 

1.532 

1.625 


Oct.  24,  a.  m.2 


4  22 
04 
3  40 
2  58 
1  48 


4.520 
3.575 
2.846 
2. 154 
1.640 


1.468 

1.550 

1.649 

1.758 

1.821 


Oct.  25,  a.  m.2 


4  22 
04 
3  40 
02 
1  40 


4.607 
3.642 
2. 884 
2.223 
1.620 


1.342 

1.430 

1.535 

1.651 

1.753 


H.  A.  Sec.  Z. 


R. 


Nov.  5,  a.  m. 


ft.  m. 
3  11 
2  32 
1  35 


2.603 
2. 100 
1.730 


1.626 

1.717 

1.774 


Nov.  6,  a.  m.2 


4  07 
3  49 
27 
2  51 
1  28 


4.522 
3.636 
2. 961 
2.328 
1.713 


1.451 

1.540 

1.634 

1.717 

1.805 


Nov.  7,  a.  m.2 


4  11 
3  52 
21 

2  20 
1  25 


4.680 

3.837 

2.841 

2.028 

1.714 


1.403 

1.510 

1.634 

1.735 

1.797 


Nov.  8,  a.  m.2 


4  08 
3  49 
25 
2  43 
1  31 


4.745 

3.733 

2.977 

2.270 

1.750 


1.452 

1.552 

1.634 

1.740 

1.804 


Nov.  9,  a.  m.2 


4  08 
3  49 
27 
2  38 


4.828 

3.785 

3.060 

2.232 


1.330(7) 
1.448 
1.539 
1.657 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  C.  G.  A. 
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Table  29. — Pyrheliometer  readings,  Mount  Wilson,  California,  1911. 

[Pyrheliometer  A.  P.  O.  IV. '—Observers,  C.  G.  A.  and  L.  B.  A.] 


H. 

A. 

Sec.  Z. 

R. 

June  18,  a.  m.3 

ft. 

m. 

5 

31 

3.137 

1.384 

01 

2.398 

1.545 

4 

32 

1.970 

1.600 

3 

51 

1.590 

1.685 

2 

58 

1.307 

1.750 

10 

1.160 

1.793 

June  21,  a.  m-3 

5 

21 

2.841 

1.507 

17 

2.737 

1.516 

08 

2.530 

1. 556 

4 

44 

2.121 

1. 612 

08 

1. 722 

1.678 

3 

22 

1.414 

1. 768 

2 

16 

1.173 

1.811 

0 

59 

1.048 

1. 871 

55 

1.045 

1.848 

51 

1.041 

1.838 

47 

1.037 

1.840 

43 

1.034 

1.843 

June  22,  a.  m.3 

5 

36 

3.299 

1.483 

19 

2.788 

1.524 

4 

53 

2.256 

1.608 

19 

1.822 

1.698 

3 

19 

1.399 

1.762 

2 

17 

1. 176 

1.823 

June  23,  a.  m.3 

5 

42 

3.541 

1.427 

23 

2.901 

1.479 

4 

59 

2.362 

1.547 

24 

1.879 

1.653 

08 

1.724 

1.662 

3 

26 

1.435 

1.723 

10 

1.355 

1.728 

2 

32 

1.216 

1.777 

09 

1.158 

1.772 

June  24,  p. 

tn-3 

2 

02 

1. 140 

1.674 

29 

1.207 

1.664 

3 

17 

1.389 

1.614 

43 

1.534 

1.549 

4 

28 

1.924 

1.452 

51 

2.226 

1. 369 

June  25,  p.  m-3 

2 

19 

1. 181 

1. 652 

47 

1.264 

1. 645 

H.  A.  Sec.  Z.  R. 


H.  A.  Sec.  Z.  R. 


H.  A.  Sec.  Z.  R. 


H.  A.  Sec.  Z.  R. 


July  6,  a.  m. 

ft. 

m. 

5 

04 

2.486 

1.452 

4 

16 

1.812 

1.557 

3 

16 

1.392 

1.644 

2 

16 

1.178 

1.701 

July  7  a.  m.3 

5 

44 

3. 710 

1.301 

05 

2.512 

1.481 

01 

2.432 

1.473 

4 

19 

1.845 

1.558 

3 

21 

1.419 

1.645 

2 

21 

1.190 

1.690 

July  8,  a.  m.3 

5 

44 

3. 710 

1.316 

24 

2.980 

1.422 

01 

2.438 

1.508 

4 

25 

1.912 

1.584 

3 

26 

1.447 

1.668 

2 

24 

1.198 

1.729 

20 

1.186 

1.726 

July  9,  a.  m.3 

5 

45 

3.781 

1.236 

25 

3.018 

1.363 

05 

2.523 

1.450 

4 

23 

1.893 

1.590 

3 

29 

1.464 

1.671 

2 

23 

1.199 

1.706 

July  12,  a.  m.3 

5 

44 

3.785 

1.295 

03 

2. 501 

1.479 

4 

59 

2.421 

1.478 

17 

1.838 

1.555 

3 

24 

1.445 

1.645 

2 

21 

1.198 

1.703 

July  13,  a.  m.3 

5 

39 

3.574 

1.202 

20 

2.920 

1.304 

00 

2.450 

1.385 

4 

17 

1.842 

1.516 

3 

23 

1.439 

1.581 

2 

18 

1.187 

1.641 

July  19,  a.  m.3 

5 

42 

3.825 

1.089 

21 

3.013 

1.232 

June  2,  a.  m.1 * 3 


ft.  m. 

5  34 

3. 356 

1.327 

15 

2.776 

1.433 

4  49 

2. 255 

1.514 

15 

1.816 

1.595 

3  39 

1.528 

1.644 

2  39 

1.248 

1.706 

June  3,  a.  m-2 

5  40 

3. 564 

1.310 

27 

3. 110 

1.408 

4  57 

2.385 

1.495 

30 

1.979 

1.555 

3  44 

1.560 

1.648 

40 

1.532 

1.666 

2  33 

1.227 

1.759 

29 

1. 216 

1.744 

June  13,  a.  m.3 

5  33 

3.220 

1.281 

10 

2.586 

1.395 

4  41 

2.091 

1.498 

03 

1.687 

1. 580 

3  07 

1.346 

1.669 

2  19 

1. 182 

1.698 

June  14,  a.  m.2 

5  26 

3.001 

1.469 

08 

2.543 

1.533 

4  43 

2. 119 

1. 597 

11 

1.751 

1.653 

3  21 

1.412 

1.740 

2  18 

1. 180 

1.772 

June  15,  a. 

m.2 

5  31 

3. 149 

1.362 

12 

2.628 

1.438 

4  46 

2.154 

1.521 

13 

1.772 

1.582 

3  21 

1.409 

1. 684 

2  22 

1.188 

1.  726 

June  17,  a. 

m  2 

5  32 

3. 169 

1.327 

13 

2.644 

1.400 

4  48 

2. 180 

1.486 

09 

1.737 

1.567 

3  16 

1.384 

1.652 

2  21 

1.192 

1.705 

Juno  25,  p.  m. 


ft.  m. 

3  26 

4  06 
35 
57 

5  17 


1.435 
1.708 
2.006 
2. 326 
2.742 


1.604 
1.540 
1.480 
1. 467 
1.361 


June  26,  a.  m-3 


5 

33 

3.202 

1.370 

16 

2.  717 

1.464 

4 

57 

2.326 

1.528 

53 

2.258 

1.545 

20 

1.835 

1.640 

3 

55 

1.620 

1.690 

23 

1.419 

1. 659 (?) 

2 

56 

1.300 

1.722 

30 

1.211 

1. 765 

June  27,  a 

m.3 

5 

22 

2.874 

1.437 

09 

2.554 

1.456 

4 

46 

2.152 

1.526 

04 

1.692 

1.608 

3 

39 

1.512 

1.686 

07 

1.343 

1.694 

2 

38 

1.234 

1.702 

24 

1.194 

1.712 

June  28,  a.  m.23 

5 

46 

3.729 

1.355 

01 

2.402 

1.537 

4 

20 

1.843 

1.650 

3 

35 

1.487 

1.680 

2 

45 

1.258 

1.729 

1 

34 

1.090 

1.728 

June  29,  a 

m.3 

5 

47 

3.775 

1.296 

25 

2.966 

1.402 

4 

59 

2.366 

1.503 

13 

1.775 

1.626 

3 

20 

1.406 

1.687 

2 

23 

1.190 

1.749 

June  30,  a 

m.3 

5 

46 

3. 742 

1.389 

26 

3.001 

1.492 

04 

2.463 

1.551 

4 

19 

1.830 

1.651 

June  30,  a.  m. 


ft.  m. 
3  18 
2  53 


1.397 

1.290 


1.774 

1.809 


July  1,  a.  m.3 


3.788 

3.061 

2.444 
1.754 

1.444 
1.185 


1.339 

1.453 

1.558 

1.618 

1.680 

1.723 


July  2,  a.  m.a 


3.754 

2.978 

2.470 

1.786 

1.445 

1.190 


1.252 

1.372 

1.460 

1.594 

1.634 

1.705 


July  3,  a.  m.> 


5  44 
23 
00 
4  13 
3  19 
2  15 


3.675 

2.930 

2.400 

1.780 

1.404 

1.173 


1.285 

1.390 

1.482 

1.585 

1.673 

1.725 


July  4,  a.  m.3 


3.357 

2.422 

1.800 

1.430 

1.410 

1.199 

1.189 


1.426 

1.551 

1.675 

1.745 

1.770 

1.762 

1.781 


July  5,  a.  m.3 


3.600 
2. 460 
2.384 
1.800 
1.410 
1.184 


1.441 

1.598 

1.601 

1.699 

1.763 

1.817 


July  6,  a.  m.3 


5  42 
24 


3.610 

2.968 


1.254 

1.344 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

3  Observer,  C.  G.  A. 

3  Observer,  L.  B.  A. 


ANNALS  OF  THE  ASTEOPHYSICAL  OBSERVATORY, 


93 


Table  29. — Pyrheliometer  readings,  Mount  Wilson,  California ,  1911 — Continued. 

[Pyrheliometer  a.  P.  O.  IV.>— Observers,  C.  G.  A.  and  L.  B.  A.] 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 
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Table  29. — Pyrheliometer  readings,  Mount  Wilson,  California,  1911 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1— -Observers,  C.  G.  A.  and  L.  B.  A.] 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 

2  Observer,  L.  B.  A. 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY, 


95 


Table  29. — Pyrheliometer  readings,  Mount  Wilson,  California,  1911 — Continued. 

[Pyrheliometer  A.  P.  O.  IV.1 — Observers,  C.  G.  A.  and  L.  B.  A.] 


1  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  IV  to  calories  (Smithsonian  Revised  Pyrheliometry  of  1913)  multiply  by  0.853. 
3  Observer,  L.  B.  A. 
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Table  30. — Pyrheliometer  readings,  Bassour,  Algeria,  1911. 

[Pyrheliometer  A.  P.  O.  9. '—Observers,  F.  P.  B.  and  C.  G.  A.] 


H.  A. 

See.  Z. 

R. 

Aug.  27,  a.  m.3 

h.  m. 

4  13 

2. 156 

2. 263(?) 

09 

2. 100 

2. 919(7) 

3  53 

1.913 

3. 132 

49 

1.873 

3. 165 

27 

1.677 

3.279 

23 

1.646 

3. 283 

16 

1.593 

3.340 

12 

1.567 

3.359 

2  49 

1.440 

3.433 

45 

1.423 

3.411 

13 

1.300 

3.485 

09 

1.290 

3.503 

1  31 

1.194 

3.559 

27 

1.188 

3.625 

Aug.  28,  a.  m.33 

5  10 

3. 627 

2.578 

06 

3.462 

2.660 

4  55 

3.070 

2.687 

51 

2.952 

2.798 

33 

2.514 

2.942 

29 

2. 435 

3.047 

17 

2.233 

3. 132 

13 

2. 172 

3. 154 

09 

2.116 

3.204 

00 

2.003 

3.259 

3  56 

1.959 

3. 264 

12 

1.578 

3.506 

08 

1.552 

3.525 

2  15 

1.312 

3. 728 

11 

1.301 

3.637 

1  27 

1.192 

3.684 

23 

1.186 

3. 774 

19 

1.179 

3.758 

15 

1.174 

3.798 

Aug.  29,  a.  m.33 

5  09 

3.661 

2.170 

05 

3.481 

2.220 

4  52 

3.033 

2.406 

48 

2. 908 

2.504 

27 

2. 427 

2.734 

23 

2.353 

2.800 

19 

2.286 

2.824 

3  56 

1.974 

3.022 

52 

1.931 

3.034 

22 

1.662 

3.235 

18 

1.633 

3. 214 

03 

1.528 

3.311 

2  59 

1.506 

3.304 

23 

1.356 

3.511 

19 

1.333 

3.497 

15 

1.319 

3.532 

1  34 

1.202 

3.655 

30 

1.200 

3. 654 

Aug.  30,  a.  m.3  a 


ft.  to. 


3.401 

3.253 

2.880 

2.774 

2.570 

2.483 

2.287 

2.223 

1.842 

1.804 

1.522 

1.491 

1.314 

1.301 

1.191 

1.179 

1.176 

1.154 

1.152 


3. 141 
3.189 
3. 240 
3.312 
3.357 
3.403 
3.448 
3.490 
3.669 
3.655 
3.801 
3.787 
3.907 
3.975 
4.004 
4.013 
4.072 
4.017 
4.035 


Aug.  31,  a.  m.3 


2.582 

2.498 

2.298 

2.234 

1.907 

1.868 

1.633 

1.603 

1.400 

1.384 

1.225 

1.215 


3.055 
3.057 
3.145 
3.207 
3.352 
3.387 
3.536 
3.591 
3.675 
3.701 
3. 764 
3. 779 


Sept.  1,  a.  m.: 


3.360 
3.216 
2. 847 
2.  744 
2. 283 
2. 220 
1.960 
1.920 
1.661 
1.630 
1.423 
1.405 
1.241 
1.234 


2. 843 
2.906 
3.006 
3.032 
3. 276 
3.303 
3.451 
3.436 
3.581 
3.570 
3.707 
3.683 
3.784 
3. 740 


Sept.  2,  a.  m.3 


2.603 

2.518 


3.073 

3.092 


H.  A. 

Sec.  Z. 

R. 

Sept.  2,  a.  m. 

ft.  to. 

4  24 

2.440 

3.034 

07 

2. 166 

3.190 

03 

2.110 

3.254 

3  40 

1.852 

3.352 

36 

1.815 

3.376 

03 

1.557 

3.539 

2  59 

1.537 

3.566 

20 

1.358 

3.664 

16 

1.335 

3.694 

1  29 

1.215 

3. 709 

25 

1.207 

3. 777 

Sept.  3,  a.  m.3 

5  04 

3.630 

2.945 

00 

3.460 

2.993 

4  56 

3.313 

3.029 

42 

2.873 

3.239 

38 

2.764 

3.252 

06 

2. 160 

3.451 

02 

2.103 

3.468 

3  46 

1.919 

3.619 

42 

1.878 

3. 660 

22 

1.694 

3. 722 

18 

1.664 

3.762 

2  48 

1.481 

3.845 

44 

1.461 

3.857 

1  52 

1.271 

3.890 

48 

1.261 

3.898 

Sept.  4,  a.  m.3 

5  09 

3.924 

2.590 

05 

3.723 

2.666 

4  44 

2.957 

2.892 

3  40 

1.870 

3.382 

18 

1.673 

3.512 

14 

1.643 

3.519 

2  41 

1.453 

3.594 

37 

1.434 

3.565(7) 

1  44 

1.252 

3.705(7) 

40 

1  242 

3.751 

Sept.  7,  a.  m.33 

5  00 

3.642 

2.560 

4  56 

3.480 

2.557 

44 

3.062 

2.723 

40 

2.942 

2.808 

33 

2. 761 

2.918 

23 

2.526 

3.004 

19 

2.448 

2.999 

_  3  54 

2.063 

3.276 

50 

2.017 

3.329 

46 

1.972 

3.329 

ft.  m. 

3  15 

1.683 

3.467 

11 

1.653 

3.512 

2  34 

1.448 

3. 657 

30 

1.429 

3.649 

1  52 

1.288 

3.735 

48 

1.279 

3.648 

35 

1.249 

3.749 

Sept.  7,  a.  m. 


Sept.  8,  a.  m.3 

4  28 

2.667 

3.306 

24 

2.577 

3.346 

07 

2.271 

3.427 

03 

2. 212 

3.441 

3  40 

1.927 

3.593 

36 

1.887 

3.594 

05 

1.620 

3. 655 

01 

1.592 

3. 722 

2  38 

1.470 

3.759 

34 

1.452 

3.826 

06 

1.347 

3.932 

02 

1.333 

3.885 

1  22 

1.229 

3.950 

18 

1.222 

3.941 

Sept.  9,  a.  m.3 

4  56 

3.577 

2.428 

52 

3.416 

2.515 

48 

3.370 

2. 506 

39 

2. 997 

2.612 

35 

2.885 

2.673 

12 

2.379 

2. 964 

08 

2.312 

3.001 

3  38 

1.924 

3.200 

34 

1.884 

3.254 

03 

1.617 

3.444 

2  59 

1.592 

3.399 

18 

1.387 

3.600 

14 

1.373 

3.646 

1  33 

1.256 

3.737 

13 

1.231 

3.721 

09 

1.228 

3. 722 

Sept.  10,  a.  m.33 

3. 812 
3.605 
3.431 
3. 100 
2. 979 
2. 616 
2.530 
1.398 
1.382 


2.871 
2. 935 
3.082 
3.113 
3. 256 
3. 129( 
3.845 
3. 736( 


H.  A. 

Sec.  Z. 

R. 

Sept.  10,  a.  m. 

ft.  TO. 

1  41 

1.278 

3.856 

37 

1.269 

3.963 

27 

1.246 

3.903 

23 

1.241 

3.951 

Sept.  12,  a.  m.3 

3  45 

2.036 

3.165 

41 

1.991 

3. 214 

19 

1.769 

3.371 

15 

1.736 

3.362 

11 

1.703 

3.404 

2  37 

1.489 

3.503 

33 

1.469 

3.533 

1  37 

1.283 

3.650 

33 

1.273 

3. 667 

Sept.  13,  a.  m.3 

4  53 

3.657 

2.301 

49 

3.488 

2.336 

39 

3.130 

2.485 

35 

3.004 

2.539 

13 

2.479 

2.817 

09 

2.406 

2. 860 

3  46 

2.064 

3.003 

42 

2.018 

3.016 

08 

1.687 

3.230 

04 

1.657 

3.340 

2  53 

1.583 

3. 338 

49 

1.561 

3.341 

30 

1.464 

3.433 

26 

1.447 

3.462 

1  46 

1.311 

3.558 

42 

1.300 

3.522 

Sept.  14,  a.  m.3 

4  13 

2.503 

2. 745 

3  58 

2.407 

2.955 

54 

2.338 

3.001 

11 

1.726 

3.196 

07 

1.691 

3. 265 

2  36 

1.500 

3.396 

32 

1.492 

3.426 

1  43 

1.309 

3.557 

35 

1.291 

3.552 

27 

1.273 

3.557 

Sept.  15,  a. 

m.3 

4  52 

3.698 

2.136 

48 

3.527 

2. 151 

26 

2. 816 

2.592 

'These  readings  are  the  corrected  temperature  rise  in  100 seconds.  To  reduce  to  calories  per  square  centimeter  per  minute  (Smithsonian 
Revised  Pyrheliometry  of  1913)  multiply  by  0.3631. 

3  Observer,  F.  P.  B. 

*  Observer,  C.  G.  A. 
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Table  30. — Pyrheliometer  readings,  Bassour,  Algeria,  1911 — Continued. 

[Pyrheliometer  A.  P.  O.  9.1— Observers,  F.  P.  B.  and  C.  G.  A.] 


1  These  readings  are  the  corrected  temperature  rise  in  100  seconds.  To  reduce  to  calories  per  square  centimeter  per  minute  (Smithsonian 
Revised  Pyrheliometry  of  1913)  multiply  by  0.3631. 

2  Observer,  F.  P.  B. 
s  Observer,  C.  G.  A. 
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Table  30. — Pyrheliometer  readings,  Bassour,  Algeria,  1911 — Continued. 


[Pyrheliometer  A.  P.  O.  9,1 — Observers,  F.  P.  B.  and  C.  G.  A.] 


1  These  readings  are  the  corrected  temperature  rise  in  100  seconds.  To  reduce  to  calories  per  square  centimeter  per  minute  (Smithsonian 
Revised  Pyrheliometry  of  1913)  multiply  by  0.3631. 

2  Observer,  F.  P.  B. 
s  Observer,  C.  G.  A. 
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Table  31. — Pyrheliometer  readings,  Mount  Whitney,  California . 

[Pyrheliometer  A.  P.  O.  VI1  and  PyTheliometer  A.  P.  O.  9.2 — Observer,  C.  G.  A.) 


H.  A. 

Sec.  Z. 

R. 

Aug.  24,  p. 

m. 

ft.  m. 

2  51 

1.445 

3.477 

55 

1.464 

3.473 

59 

1.489 

3.512 

3  28 

1.670 

3.422 

32 

1.701 

3.378 

36 

1.734 

3.414 

4  04 

2.019 

3.379 

08 

2. 070 

3.299 

12 

2. 123 

3.293 

31 

2.430 

3.213 

35 

2.508 

3.222 

39 

2.592 

3.198 

53 

2.939 

3.081 

57 

3.058 

3.079 

5  01 

3.188 

3.050 

14 

3.702 

2.956 

18 

3.895 

2.907 

22 

4.113 

2.903 

36 

5. 120 

2.660 

40 

5.505 

2.624 

44 

5.960 

2.578 

Aug.  25,  a.  m. 

5  08 

3.465 

3.056 

04 

3.311 

3.075 

00 

3.171 

3. 100 

4  46 

2.767 

3. 104 

42 

2. 670 

3.222 

3 ter  A.  P.  O.  VI. 

1909— Pyrheliometer 
A.  P.  O.  VI. 

H.  A. 

Sec.  Z. 

R. 

H.  A. 

Sec.  Z. 

R. 

Aug.  25,  a.  m. 

Sept.  3,  a. 

in. 

ft.  m. 

h.  Tti. 

4  38 

2.581 

3. 228 

4  11 

2.250 

3.352 

18 

2.218 

3.295 

07 

2. 195 

3.337 

14 

2. 159 

3.286 

3  34 

1.810 

3.466 

10 

2. 103 

3.336 

30 

1.775 

3.482 

3  52 

1.890 

3.403 

2  49 

1.495 

3.577 

48 

1.849 

3.402 

45 

1.475 

3.550 

44 

1.810 

3.412 

09 

1.335 

3.573 

21 

1.624 

3.457 

05 

1.320 

3.579 

17 

1.597 

3.500 

1  34 

1.240 

3.594 

13 

1.571 

3.561 

0  54 

1.175 

3.689 

2  49 

1.438 

3.537 

45 

1.420 

3.576 

41 

1.402 

3.553 

Sept.  3,  p.  m. 

18 

1.313 

3. 581 

14 

1.300 

3.605 

2  07 

1.327 

3.466 

10 

1.288 

3.592 

11 

1.340 

3.464 

1  51 

1.236 

3.610 

5  00 

3.500 

2.898 

47 

1.226 

3.629 

04 

3.640 

2.799 

Sept.  2,  p. 

m. 

Aug.  12,  a. 

m. 

3  28 

1.760 

3.403 

4  26 

2. 154 

4.164 

32 

1.790 

3.361 

3  57 

1.817 

4.238 

50 

1.750 

4.289 

07 

1.458 

4.322 

Sent.  3.  a.  m. 

03 

1.438 

4.321 

2  19 

1. 262 

4.434 

4  37 

2.765 

3.225 

15 

1.250 

4.417 

33 

2.675 

3.253 

1  24 

1.135 

4.520 

1910 — Pyrheliometer  A.  P.  0.9. 


H.  A. 

Sec.  Z. 

R. 

Aug.  12,  a.  m. 

ft.  m. 

1  20 

1.130 

4.498 

Aug  13,  a.  m. 

5  05 

3.015 

3.996 

4  38 

2.362 

4. 130 

34 

2.295 

4. 160 

14 

2. 009 

4.297 

10 

1.960 

4.276 

3  27 

1.581 

4.327 

23 

1.556 

4.326 

2  41 

1.346 

4.302 

37 

1.330 

4.461 

1  45 

1.178 

4.447 

41 

1.169 

4.460 

00 

1.111 

4.475 

0  56 

1.106 

4. 459 

Aug.  14,  a.  m. 

4  57 

2.800 

4. 103 

31 

2. 258 

4.216 

27 

2. 197 

4.204 

3  57 

1. 838 

4.309 

53 

1.798 

4.346 

16 

1.517 

4.415 

12 

1.492 

4.400 

2  32 

1.311 

4.468 

Aug.  14,  a.  m. 


ft.  m. 
2  28 
1  32 
28 


1.297 

1.152 

1.147 


4. 487 
4.556 
4.516 


Aug.  15,  a.  m. 


5  23 

3.693 

3.793 

4  49 

2.655 

4.060 

45 

2.548 

4.112 

3  27 

1.594 

4. 374(?) 

23 

1.567 

4.381 

0  09 

1.087 

4.469 

05 

1.086 

4.534 

Aug.  16,  a.  m. 


0  21 
17 


1.093 

1.091 


4.455 

4.448 


Aug.  17,  a.  m. 


4  33 

2.330 

4. 217 

29 

2.253 

4.242 

3  47 

1.772 

4.539 

43 

1.737 

4.576 

0  12 

1.091 

4.670 

08 

1.090 

4.643 

1  These  readings  are  the  corrected  temperature  rise  in  100  seconds.  To  reduce  to  calories  per  square  centimeter  per  minute  (Smithsonian 
Revised  Pyrheliometry  of  1913),  multiply  by  0.4586. 

2  To  reduce  readings  of  Pyrheliometer  A.  P.  O.  9  to  calories  per  square  centimeter  per  minute  (Smithsonian  Revised  Pyrheliometry  of  1913), 
multiply  by  0.3631,  according  to  the  mean  of  all  observations  stated  in  Chapter  III.  But  according  to  the  comparison  of  July  28,  1910,  the 
value  would  be  0.3703.  We  incline  to  adopt  the  latter  value  here,  believing  that  Pyrheliometer  A.  P.  0.9  was  in  1910  for  some  unknown 
reason  reading  low. 


While  the  work  of  many  observers  shows  both  by  observation  and  theory 
that  the  exponential  formula  A=A0asec  z  does  not  and  ought  not  to  exactly  rep¬ 
resent  pyrheliome trie .  observations  of  the  variation  of  the  total  intensity  of  solar 
radiation  with  varying  altitudes  of  the  sun,  for  the  reason  that  the  rays  of  different 
wave  lengths  are  unequally  transmitted  by  the  atmosphere,  still  for  values  of  sec.  z 
lying  between  1.1  and  3.0  the  deviation  from  the  exponential  law  is  so  slight  that 
this  law  offers  a  good  means  of  representing  approximately  the  principal  pyrhelio- 
metric  results  of  a  given  day  of  observation.  The  most  convenient  mode  of  select¬ 
ing  the  values  of  A0  and  a,  best  adapted  to  represent  a  series  of  observations,  con¬ 
sists  in  plotting  logarithms  of  the  observed  intensity  of  radiation  as  ordinates, 
with  values  of  sec.  z  as  abscissae,  choosing  the  most  representative  straight  line, 
and  then  finding  the  value  of  the  intercept  on  the  axis  of  ordinates  and  the  tangent 
of  inclination  of  the  line,  which  are  the  values  of  log  A0  and  log  a,  respectively. 
As  shown  by  Langley  this  method  applied  to  pyrheliometry  alone  must  always  yield 
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a  value  A0  less  than  the  true  intensity  of  the  solar  beam  outside  the  atmosphere. 
The  formula  A=A0a  sec- 2  applies  strictly  only  for  homogeneous  rays. 

Values  of  A0  and  a  obtained  as  indicated  above  and  approximately  repre¬ 
sentative  of  the  pyrheliometry  alone,  will  be  included  in  Table  14  of  solar-constant 
results  to  be  given.  Such  values,  A0,  like  the  values  of  the  solar  constant,  E0 
given  in  the  same  table,  are  reduced  to  mean  solar  distance,  and  a  symbol  is  given 
also  of  the  degree  of  apparent  uniformity  of  the  transparency  of  the  sky  as  indi¬ 
cated  by  the  closeness  of  correspondence  of  the  logarithmic  plots  just  mentioned 
to  straight  lines.  The  rating  employed  is  as  follows:  Highest  excellence  e2;  excel¬ 
lent,  e;  very  good,  v  g;  good,  g;  poor,  p.  The  same  system  of  rating  is  employed 
for  the  holographic  work,  and  in  that  connection  would  indicate  the  closeness 
with  which  the  logarithmic  plots  of  transmission  for  different  wave  lengths  approxi¬ 
mate  to  the  representative  straight  lines. 

DETERMINATIONS  OF  THE  SOLAR  CONSTANT  OF  RADIATION  BY  THE 
METHOD  OF  HIGH  AND  LOW  SUN  OBSERVATIONS  OF  HOMOGENOUS 
RAYS,  AND  THE  ATMOSPHERIC  TRANSMISSION  FOR  DIFFERENT 
WAVE  LENGTHS. 

We  now  give  in  condensed  form  the  results  of  independent  determinations  of 
the  solar  constant  of  radiation  by  the  spec trobolome trie  method.  They  were 
obtained  in  part  at  Mount  Wilson  in  California,  at  latitude  34°  12'  55"  north, 
longitude  118°  3'  34"  west,  elevation  1,727  meters,1  in  part  at  Mount  Whitney  in 
California,  at  latitude  36°  44'  44"  north,  longitude  118°  17'  29"  west,  elevation 
4,420  meters,  in  part  at  Bassour,  Algeria,  latitude  36°  13'  north,  longitude  2°  51' 
30"  east,  elevation  1,160  meters.  The  solar-constant  results  are  all  reached  by  the 
complex  process  of  combining  spectral  measurements  by  the  bolometer  with  pyrhelio- 
metric  observations  after  the  manner  already  described,  and  are  believed  to  represent 
the  actual  intensity  of  the  solar  radiation  at  the  earth’s  mean  distance  from  the 
sun  as  it  is  in  space,  and  not  affected  by  absorption  or  scattering  within  the  earth’s 
atmosphere.  All  the  determinations  of  radiation  are  expressed  in  calories  per  square 
centimeter  per  minute  according  to  Smithsonian  Revised  Pyrheliometry  of  1913. 

SOLAR-CONSTANT  VALUES  AND  ATMOSPHERIC  TRANSMISSION  FOR  1902-1907. 

In  the  following  Table  32  are  given  the  solar-constant  values  for  the  epoch 
1902  to  1907  which  have  been  published  on  a  provisional  scale  of  pyrheliometry  in 
volume  2  of  the  Annals.  The  values  are  corrected  for  residual  water  vapor  effect 
by  the  first  method  explained  in  Chapter  III.  As  now  given  they  are  believed  to 
indicate,  as  nearly  as  can  be  determined  from  the  observations,  the  intensity  of 
the  solar  radiation  outside  the  atmosphere  at  the  earth’s  mean  solar  distance  in 
calories  per  square  centimeter  per  minute.  We  assume  the  specific  heat  of  water 
to  be  1.000  at  15°  C.  and  employ  the  nitrogen  gas  scale  of  temperatures. 


1  The  elevation  of  the  temporary  station  used  in  1905,  1906,  and  1908  was  1,789  meters. 
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The  Washington  values  are  much  less  accurate  than  the  Mount  Wilson  values, 
on  account  of  the  less  perfect  sky  conditions  at  Washington.  The  Mount  Wilson 
values  of  earlier  years  are  probably  less  accurate  than  those  obtained  after  July, 
1909,  because  the  ultra-violet  spectrum  was  not  so  fully  observed  prior  to  that 
time  as  afterwards. 

The  prevailing  pressures  of  aqueous  vapor  in  the  atmosphere  at  the  stations  are 
expressed  in  millimeters  of  mercury.  Solar-constant  values  from  pyrheliometry  and 
spectrobolometry,  combined  after  the  method  of  Langley  as  described  in  Chapter  I, 
are  given  under  the  caption  E0.  Under  the  caption  E'0  the  solar-constant  values  are 
repeated  after  correction  for  residual  water-vapor  error  by  adding  to  each  value 
one-half  as  many  hundredths  of  a  calorie  as  there  are  millimeters  of  vapor  pressure. 
The  final  columns  give  the  grades  of  the  determinations,  whether  excellent,  very 
good,  good,  or  poor. 

Table  32. — Solar-constant  values  from  Annals,  Volume  II,  1902-1907,  reduced  to  standard 

'pyrheliometry  and  corrected  for  water  vapor. 


WASHINGTON  WORK. 


Date. 

Pres¬ 

sure 

water 

vapor. 

Solar  constant. 

Grade. 

Date. 

Pres¬ 

sure 

water 

vapor. 

Solar  constant. 

Grade. 

Re¬ 

duced. 

Eo. 

Cor¬ 

rected. 

E'o. 

Re¬ 

duced. 

Eo. 

Cor¬ 

rected. 

E'o. 

1902. 

mm. 

1904. 

mm. 

Oct.  9 

2.033 

4.14 

1.768 

1.789 

P- 

15 

2.033 

g. 

1905. 

22 

2. 005 

g. 

0.81 

1.976 

1.980 

v.  g. 

1903. 

Feb.  7 

1.78 

1.907 

1.916 

v.  g 

Feb.  19 

0.71 

2.105 

2.108 

v.  g. 

14 

0.48 

2.250 

2.252 

g- 

Mar.  25 

4.57 

2.029 

2.052 

e. 

May  20 

3.76 

1.976 

1.995 

g- 

26 

5.36 

1.957 

1.984 

2.034 

Apr.  29 

8.31 

1.775 

1.817 

e. 

Sept.  19 

17.37 

1.715 

1.802 

P- 

July  7 

13^74 

1.939 

2.008 

p- 

26 

4.57 

1.992 

2.015 

e. 

Aug.  24 

14.66 

1.762 

1.835 

g- 

Oct.  4 

7.29 

1.874 

1.910 

e. 

Oct.  14 

8,74 

1.782 

1.826 

V.  g. 

Nov.  1 

3.99 

1.808 

1.828 

g- 

29 

5.56 

1.787 

1.815 

V.  g. 

Dec.  4 

2.13 

1.925 

1.936 

V.  g. 

Dec.  7 

3.33 

1.797 

1.814 

V.  g- 

1906. 

23 

3.30 

1.802 

1.818 

V.  g. 

Jan.  9 

1.96 

2.130 

2.140 

p. 

1904. 

Feb.  15 

2.16 

2.095 

2.106 

v.g. 

Jan.  27 

1.45 

1.830 

1.837 

g- 

May  24 

10.06 

2.040 

2.090 

p. 

Feb.  11 

0.81 

2.057 

2.061 

V.  g. 

29 

9.83 

2.037 

2.086 

e. 

Mar.  4 

1.45 

1.965 

1.972 

g- 

Nov.  6 

3.68 

1.979 

1.997 

g. 

Apr.  4 

1.921 

p. 

22 

4.83 

1.935 

1.959 

v.  g. 

May  12 

6.02 

1.967 

1.997 

p- 

Dec.  26 

1.90 

2.010 

2.019 

g- 

25 

2. 047 

g. 

1907. 

28 

6.50 

1.902 

1.934 

V.  g. 

Feb.  15 

1.45 

1.865 

1.872 

e. 

1.981 

May  13 

9.14 

2.004 

2.050 

e. 

Oct.  5 

9.83 

2.111 

2.160 

V.  g. 

14 

14.60 

1.961 

2.034 

e. 

21 

7.29 

1.896 

1.932 

e. 

MOUNT  WILSON  WORK. 


1905. 

June  61 

mm. 

2.15 

1.910 

1.921 

g- 

1905. 

June  20i 

mm. 

4.47 

2.005 

2.027 

v.g. 

7 

8.08 

1.910 

1.950 

v.  g. 

23 

4.86 

1.891 

1.915 

v.g. 

13i 

6.04 

2.005 

2.035 

v.  g. 

26i 

6.57 

1.948 

1.981 

v.g. 

14 

2.59 

1.901 

1.914 

e. 

28 

6.35 

1.901 

1.933 

v.  g. 

17 

11.35 

1.976 

2.033 

V.  g. 

July  3 

1.901 

(1.933) 

V.  g. 

1  Afternoon  observations.  All  others  were  made  before  noon. 
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Table  32. — Solar-constant  values  from  Annals,  Volume  II,  1902-1907,  reduced  to  standard 
pyrheliometry  and  corrected  for  water  vapor — Continued. 

MOUNT  WILSON  WORK— Continued. 


Date. 

Pres¬ 

sure 

water 

vapor. 

Solar  constant. 

Grade. 

Date. 

Pres¬ 

sure 

water 

vapor. 

Solar  constant. 

Grade. 

Re¬ 

duced. 

Ee. 

Cor¬ 

rected. 

E'0. 

Re¬ 

duced. 

E». 

Cor¬ 

rected. 

E'o. 

1905. 

mm. 

1906. 

mm. 

July  6i 

5.8 

1.986 

2.015 

v.  g. 

June  6 

5.28 

1.921 

1.947 

e. 

10 

1.920 

(1.950) 

e. 

7 

4.65 

1.892 

1.915 

V.  g. 

lli 

6.39 

1.920 

1.952 

e. 

9 

6.50 

1.867 

1.899 

e. 

12 

7.51 

1.920 

1.958 

e. 

12i 

11.30 

1.925 

1.981 

V.g. 

19> 

3.02 

1.976 

1.991 

V.  g. 

15 

8.41 

1.909 

1.951 

e.— 

21i 

4.83 

1.948 

1.972 

e. 

16 

7.21 

1.893 

1.929 

g- 

22 

8.36 

1.939 

1.981 

e. 

19 

6.40 

1.879 

1.911 

e. 

25 

8.58 

1.939 

1.982 

e. 

20 

6.53 

1.939 

1.972 

e. 

251 

6.23 

1.939 

1.970 

V.  g. 

22 

6.55 

1.936 

1.969 

g- 

28i 

6.79 

1.939 

1.973 

g- 

23 

6.53 

1.894 

1.927 

e.— 

31i 

5.23 

1.967 

1.993 

g- 

29 

4.85 

1.916 

1.940 

e. 

Aug.  3 1 

6.35 

2.005 

2.037 

e. 

30 

6.45 

1.912 

1.944 

e. 

9i 

1.872 

(1.907) 

e. 

July  3 

8.41 

1.925 

1.967 

e. 

10 

1.958 

(1.998) 

V.  g. 

6 

9.80 

1.880 

1.929 

e. 

11 

1.920 

(1.965) 

V.  g. 

10 

9.58 

1.880 

1.928 

e. 

lli 

1.948 

(1.998) 

e. 

11 

8.69 

1.908 

1.951 

e. 

14 

11.18 

1.910 

1.966 

e.2 

17 

7.52 

1.913 

1.951 

e. 

17 

14.02 

1.872 

1.942 

V.g. 

18 

8.10 

1.906 

1.946 

e. 

18i 

8.47 

1.939 

1.981 

e. 

21 

9.63 

1.966 

2.014 

e. 

21> 

11.14 

1.891 

1.947 

V.  g. 

24 

11.30 

1.935 

1.991 

V.g.— 

22 

15.60 

1.854 

1.932 

p- 

27 

8.86 

1.889 

1.933 

e. 

24i 

8.61 

1.901 

1.944 

e. 

28 

7.98 

1.936 

1.976 

e. 

25 

11.83 

1.939 

1.998 

e. 

31 

7.80 

1.959 

1.998 

e. 

25i 

11.55 

1.967 

2.025 

e. 

Aug.  1 

5.89 

1.937 

1.966 

e. 

29i 

7.48 

1.825 

1.862 

g. 

3 

5.15 

1.913 

1.939 

e. 

30 

11.82 

1.825 

1.884 

g- 

4 

7.04 

1.921 

1.956 

e.2 

301 

8.80 

1.854 

1.898 

p- 

7 

5.83 

1.923 

1.952 

e. 

Sept.  5i 

6.06 

1.901 

1.931 

e. 

8 

5.05 

1.919 

1.944 

e. 

8 

9.17 

1.920 

1.966 

V.g. 

14 

9.59 

1.910 

1.958 

V.  g.— 

81 

5.21 

1.891 

1.917 

p. 

15 

7.80 

1.859 

1.898 

e. 

111 

6.83 

1.863 

1.897 

e. 

17 

10.71 

1.857 

1.911 

e. — 

131 

6.83 

1.844 

1.878 

e. 

21 

4.88 

1.962 

1.986 

e. 

14i 

6.47 

1.882 

1.914 

e. 

23 

4.29 

1.929 

1.950 

e. 

151 

5.37 

1.891 

1.918 

e. 

25 

4.89 

1.919 

1.943 

e. 

16 

. 

1.920 

(1.955) 

g- 

29 

6.80 

1.872 

1.906 

v.g  — 

19 

10.87 

1.967 

2.021 

g- 

31 

7.45 

1.907 

1.944 

e. 

21 

8.85 

1.872 

1.916 

e. 

Sept.  1 

5.84 

1.996 

2.025 

e. 

26 

8.54 

1.882 

1.925 

p- 

4 

5.10 

1.918 

1.943 

p- 

27 

6.37 

1.891 

1.923 

e.2 

5 

5.66 

1.900 

1.928 

e. 

Oct.  3 

10.12 

1.891 

1.942 

e. 

8 

10.27 

1.849 

1.900 

g. 

4 

1.872 

(1.922) 

v.g. 

9 

9.37 

1.930 

1.977 

e. 

6 

1.939 

(1.969) 

e. 

11 

5.28 

1.916 

1.942 

e. — 

10 

1.854 

(1.880) 

e.2 

18 

3.87 

1.924 

1.943 

e.2 

12i 

1.891 

(1.911) 

e.2 

20 

5.31 

1.900 

1.927 

e. 

18 

1.901 

(1.920) 

P- 

25 

5.32 

1.897 

1.924 

V.  g.+ 

18i 

1.920 

(1.940) 

P- 

28 

5.79 

1.946 

1.975 

V.  g.-l- 

20 

1.872 

(1.892) 

g. 

Oct.  2 

6.55 

1.912 

1.945 

g. 

24 

6.42 

1.901 

1.933 

v.  g. 

4 

2.79 

1.984 

1.998 

e. 

26i 

3.81 

1.958 

1.977 

v.  g. 

6 

2.75 

1.894 

1.908 

e. 

1906. 

9 

2.90 

1.894 

1.908 

e. 

Hay  16i 

1.957 

(1.982) 

e. 

11 

3.35 

1.935 

1.952 

e. 

17 

4.72 

1.865 

1.889 

p- 

13 

2.46 

1.876 

1.888 

e. 

18i 

7.44 

1.921 

1.958 

p. 

16 

3.28 

1.932 

1.948 

g- 

19 

5.46 

1.976 

2.003 

e. 

18 

4.24 

1.825 

1.846 

g. 

29 

4.22 

1.899 

1.920 

e. 

20 

1.79 

1.872 

1.881 

e. 

30 

5.03 

1.904 

1.929 

g. 

23 

2.17 

1.898 

1.909 

e. 

'  Afternoon  observations.  All  others  were  made  before  noon. 
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SOLAR-CONSTANT  AND  ATMOSPHERIC  TRANSMISSION  FOR  1908. 

Table  33  includes  the  results  obtained  in  1908.  Column  1  gives  the  date;  col¬ 
umn  2  the  pressure  of  aqueous  vapor  prevailing  during  the  observations,  expressed 
in  millimeters  of  mercury.  Columns  3,  4,  and  5  relate  to  pyrheliometry.  The 
grade  of  the  observation  is  given  in  column  3:  e  signifies  “excellent/’  v.  g.  “very 
good,”  g  “good,”  and  p  “poor.”  The  grade  depends  on  whether  the  observations 
of  the  pyrheliometer,  when  plotted  logarithmically  against  the  air  mass  (or  secant 
of  the  zenith  distance)  yield  straight  lines.  Column  4  is  the  apparent  atmospheric 
transmission,  a.  It  is  derived  from  the  logarithmic  plots,  just  mentioned,  by  meas¬ 
uring  the  tangent  of  the  inclination  of  the  best  representative  lines.  This  tangent 
is  the  logarithm  of  a,  the  apparent  atmospheric  transmission.  Column  5  gives  the 
apparent  solar  constant,  which  we  call  A0.  It  is  found  from  the  logarithmic  plot, 
just  mentioned,  by  producing  the  best  straight  line  and  determining  its  intercept  on 
the  axis  of  ordinates.  This  intercept  is  the  logarithm  of  the  apparent  solar  con¬ 
stant  A0,  as  determined  formerly  by  Pouillet. 

Columns  6  to  20  give  the  results  of  spectrobolometric  work,  and  of  this  com¬ 
bined  with  pyrheliometry.  The  principal  result  of  the  whole  table  is  E'0,  given  in 
column  20,  which  expresses  the  intensity  of  solar  radiation  outside  the  atmosphere, 
at  the  earth’s  mean  distance  from  the  sun.  It  is  found  by  combining  pyrheliometry 
and  bolometry,  according  to  the  method  of  Langley,  as  explained  in  Chapter  I  of 
these  Annals,  but  with  a  correction  applied  to  the  preliminary  result  (E0,  found  in 
column  17)  in  order  to  allow  for  the  residual  effect  of  water  vapor  discussed  in  Chap¬ 
ter  III.  The  corrections  applied  in  this  table  (like  those  in  Table  32)  are  determined 
by  the  first  method  given  in  Chapter  III.  Column  6  gives  the  grade  of  the  determi¬ 
nation  of  the  solar  constant.  Columns  7  to  16  give  the  coefficients  of  atmospheric 
transmission  for  different  wave  lengths.  They  indicate  the  fraction  of  the  light  of  a 
given  wave  length  which  would  be  transmitted  from  a  celestial  body  in  the  zenith 
to  the  observing  station.  Column  18  gives  the  ratio  of  the  true  corrected  solar  con¬ 
stant,  E'0,  found  in  column  20,  to  the  apparent  solar  constant  A0,  determined  by 
the  method  of  Pouillet,  and  found  in  column  4.  Column  19  gives  the  true  atmos¬ 
pheric  transmission  for  all  wave  lengths  combined.  It  is  found  by  multiplying  the 
values  of  the  apparent  solar  constant,  A0,  given  in  column  5,  by  the  apparent  atmos¬ 
pheric  transmission,  a,  given  in  column  4,  and  dividing  the  product  by  the  corrected 
solar  constant  of  radiation,  E'0,  given  in  column  20. 
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Table  33. — Solar-constant  values,  Mount  Wilson,  1908. 


Date. 

Pres¬ 

sure 

water 

va¬ 

por. 

Pyrheliometry. 

Bolometry. 

Solar 

con¬ 

stant 

E0. 

Ratio 

E'0 

A0. 

Atmos¬ 

pheric 

trans¬ 

mis¬ 

sion 

Solar 
con¬ 
stant 
cor¬ 
rected 
for 
zero 
water 
vapor 
E  V 

Grade. 

Appar¬ 

ent 

atmos¬ 

pheric 

trans¬ 

mis¬ 

sion 

a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

A.. 

Atmospheric  transmission  for  different  wave  lengths. 

Grade. 

0 . 40 

0.  45 

0.  50 

V 

0. 60 

0. 70 

V- 

0.  80 

0. 90 

/* 

1.00 

V 

1.20 

M 

1.60 

A  0a 

E'o* 

mm. 

May  19 

3.66 

g- 

0. 877 

1.823 

g. 

0.687 

0.782 

0.831 

0.849 

0. 906 

0.930 

0.938 

0. 940 

0.936 

0.962 

1.991 

1.102 

0.796 

2.009 

22 

5.09 

e. 

.877 

1.723 

g- 

.686 

.778 

.822 

.858 

.919 

.941 

.959 

.957 

.  955 

.962 

1.897 

1.115 

.787 

1.922 

23 

5.40 

e. 

.885 

1.714 

v.  g. 

.733 

.802 

.845 

.868 

.927 

.953 

.955 

.960 

.962 

.970 

1.867 

1.105 

.801 

1.894 

24 

4.22 

e. 

.883 

1.721 

g. 

.733 

.783 

.855 

.857 

.922 

.970 

.965 

.968 

.966 

.983 

1.846 

1.085 

.814 

1.867 

26 

2.54 

e.- 

.881 

1.790 

V.  g. 

.708 

.771 

.836 

.856 

.896 

.935 

.950 

.950 

.956 

.965 

1.922 

1.081 

.815 

1.935 

27 

2.38 

e. 

.867 

1.825 

V.  g. 

.689 

.767 

.790 

.833 

.896 

.921 

.935 

.944 

.956 

.967 

1.958 

1.079 

.808 

1.970 

28 

2.82 

e. 

.887 

1.776 

e. 

.693 

.780 

.838 

.877 

.932 

.957 

.959 

.959 

.972 

.979 

1.908 

1.082 

.820 

1.922 

29 

4.35 

V.  g. 

.872 

1.797 

e. 

.697 

.782 

.832 

.867 

.913 

.949 

.961 

.964 

.966 

.972 

1.924 

1.083 

.805 

1.946 

30 

4.07 

v.g.- 

.869 

1.807 

V.  g. 

.723 

.804 

.840 

.873 

.926 

.941 

.946 

.947 

.965 

.971 

1.919 

1.073 

.810 

1.939 

June  3 

3.45 

p- 

.829 

1.836 

V.  g. 

.684 

.734 

.786 

.812 

.849 

.886 

.910 

.915 

.929 

.953 

1.940 

1.066 

.777 

1.957 

4 

3.95 

e. 

.805 

1.827 

e. 

.648 

.698 

.741 

.780 

.823 

.848 

.879 

.881 

.885 

.908 

1.993 

1.102 

.730 

2.013 

5 

4.66 

e. 

.824 

1.810 

e. 

.656 

.734 

.769 

.808 

.869 

.893 

.915 

.918 

.921 

.942 

1.943 

1.086 

.758 

1.966 

6 

4. 25 

V.  g. 

.807 

1.827 

e. 

.674 

.730 

.769 

.784 

.855 

.878 

.892 

.895 

.913 

.931 

1.938 

1.072 

.753 

1.959 

7 

3.91 

p. 

v.  g. 

.698 

.760 

.824 

.850 

.897 

.920 

.940 

.945 

.928 

.952 

1.899 

1  Q1Q 

8 

3.93 

V.  g. 

.865 

1.836 

e. 

.689 

.776 

.828 

.850 

.898 

.923 

.940 

.944 

.951 

.961 

1.962 

1.080 

.800 

1.982 

9 

5.46 

V.  g. 

.885 

1.798 

e. 

.733 

.805 

.851 

.882 

.920 

.954 

.966 

.965 

.973 

.974 

1.919 

1.082 

.817 

1.946 

12 

6.47 

V.  g. 

.877 

1. 785 

V.  g. 

.703 

.773 

.836 

.857 

.907 

.923 

.947 

.950 

.943 

.940 

1.927 

1.097 

.800 

1.959 

13 

3.50 

e. 

.885 

1.791 

e. 

.710 

.802 

.843 

.877 

.919 

.927 

.945 

.947 

.949 

.960 

1.945 

1.095 

.808 

1.962 

16 

3.98 

V.  g. 

.875 

1.697 

V.  g. 

.714 

.791 

.841 

.853 

.905 

.920 

.925 

.925 

.935 

.953 

1.872 

1.115 

.784 

1.892 

17 

3. 52 

v.g.- 

.894 

1.773 

e. 

.753 

.830 

.865 

.887 

.938 

.955 

.959 

.962 

.969 

.980 

1.898 

1.081 

.818 

1.916 

18 

3.62 

e. 

.890 

1.802 

e. 

.745 

.805 

.841 

.867 

.920 

.942 

.952 

.958 

.961 

.970 

1.926 

1.079 

.826 

1.944 

19 

4.56 

e. 

.910 

1.711 

g- 

.755 

.828 

.876 

.889 

.932 

.965 

.964 

.963 

.957 

.968 

1.912 

1.131 

.804 

1.935 

20 

4.68 

v.g.+ 

.881 

1.746 

g. 

.705 

.800 

.849 

.873 

.941 

.954 

.956 

.959 

.960 

.975 

1.880 

1.090 

.808 

1.903 

21 

5.21 

e. 

.883 

1.753 

e. 

.721 

.796 

.845 

.870 

.936 

.961 

.959 

.959 

.966 

.964 

1.910 

1.104 

.799 

1.936 

22 

3.80 

p. 

.908 

1.769 

e. 

.741 

.805 

.846 

.885 

.943 

.957 

.955 

.957 

.970 

.982 

1.922 

1.097 

.826 

1.941 

23 

3.20 

V.  g. 

.897 

1.757 

e. 

.718 

.805 

.844 

.874 

.910 

.948 

.957 

.960 

.973 

.979 

1.909 

1.096 

.819 

1.925 

24 

4.82 

e. 

.885 

1.770 

g 

.718 

.791 

.853 

.878 

.924 

.945 

.961 

.960 

.958 

.971 

1.920 

1.098 

.806 

1.944 

25 

3.60 

V.  g. 

.890 

1.802 

e. 

.719 

.798 

.836 

.871 

.918 

.944 

.963 

.965 

.961 

.983 

1.944 

1.089 

.817 

1.962 

30 

5. 16 

V.  g. 

.900 

1.737 

e. 

.734 

.800 

.846 

.891 

.934 

.953 

.967 

.966 

.974 

.984 

1.895 

1.106 

.813 

1.921 

July  1 

5.92 

e. 

.895 

1.726 

e. 

.714 

.817 

.851 

.883 

.941 

.947 

.965 

.970 

.975 

.978 

1.883 

1.108 

.807 

1.913 

2 

4.92 

V.  g. 

.899 

1.765 

e. 

.716 

.802 

.849 

.886 

.936 

.957 

.967 

.970 

.969 

.978 

1.916 

1.100 

.817 

1.941 

3 

4.52 

e. 

.895 

1.758 

e. 

.733 

.802 

.851 

.887 

.943 

.950 

.961 

.965 

.966 

.970 

1.913 

1.101 

.813 

1.936 

4 

2.84 

V.  g. 

.899 

1.795 

e. 

.718 

.834 

.864 

.892 

.934 

.960 

.964 

.966 

.975 

.981 

1.911 

1.072 

.839 

1.925 

5 

3.83 

e. 

.902 

1. 729 

e. 

.724 

.798 

.854 

.875 

.932 

.950 

.955 

.958 

.982 

.971 

1.897 

1.108 

.814 

1.910 

6 

6.34 

e. 

.897 

1.721 

e. 

.723 

.802 

.844 

.879 

.936 

.964 

.975 

.978 

.976 

.980 

1.887 

1.115 

.804 

1.919 

7 

5.60 

V.  g.- 

.895 

1.701 

e. 

.711 

.796 

.846 

.881 

.932 

.947 

.957 

.960 

.969 

.968 

1.878 

1.121 

.799 

1.906 

8 

5.76 

V.g. 

.891 

1.753 

e. 

.728 

.802 

.849 

.882 

.931 

.951 

.951 

.951 

.964 

.979 

1.906 

1.104 

.808 

1.935 

9 

4.89 

p- 

.869 

1.753 

V.  g. 

.716 

.804 

.852 

.865 

.933 

.933 

.951 

.955 

.970 

.965 

1.882 

1.087 

.800 

1.906 

13 

3.60 

e. 

.891 

1.764 

e. 

.721 

.815 

.852 

.880 

.936 

.953 

.966 

.968 

.968 

.989 

1.890 

1.082 

.824 

1.908 

14 

3.25 

e. 

.906 

1.771 

e. 

.716 

.818 

.864 

.892 

.939 

.962 

.973 

.972 

.975 

.982 

1.906 

1.085 

.835 

1.922 

15 

3.83 

e. 

.908 

1.785 

v.g. 

.713 

.824 

.852 

.881 

.947 

.959 

.970 

.969 

.977 

.967 

1.932 

1.093 

.832 

1.951 

16 

7.80 

e. 

.885 

1.666 

e. 

.703 

.800 

.840 

.867 

.928 

.947 

.957 

.957 

.962 

.985 

1.863 

1.141 

.774 

1.902 

17 

7.49 

e. 

.861 

1.719 

e. 

.671 

.767 

.806 

.842 

.899 

.924 

.925 

.926 

.922 

.934 

1.940 

1.150 

.748 

1.977 

19 

7.82 

e. 

.863 

1.717 

v.g. 

.671 

.766 

.821 

.849 

.898 

.928 

.933 

.937 

.955 

.951 

1.886 

1.121 

.768 

1.925 

20 

8. 13 

e. 

.867 

1.753 

V.  g. 

.673 

.766 

.823 

.854 

.901 

.928 

.947 

.950 

.936 

.951 

1.930 

1.124 

.769 

1.971 

21 

7.93 

g. 

.853 

1.765 

V.  g. 

.667 

.771 

.820 

.849 

.902 

.923 

.942 

.948 

.946 

.946 

1.920 

1.110 

.767 

1.960 

22 

8.06 

V.  g. 

.869 

1.712 

v.g. 

.697 

.764 

.821 

.855 

.913 

.942 

.948 

.947 

.944 

.957 

1.888 

1.126 

.770 

1.928 

24 

10.94 

V.  g. 

.840 

1.765 

e. 

.664 

.738 

.791 

.825 

.880 

.907 

.920 

.918 

.927 

.927 

1.963 

1.143 

.731 

2.018 

29 

7.74 

V.  g. 

.873 

1.697 

e. 

.679 

.771 

.821 

.861 

.909 

.933 

.947 

.950 

.953 

.961 

1.902 

1.144 

.761 

1.941 

Aug.  21 

9.82 

g- 

.843 

1.680 

g. 

.649 

.716 

.756 

.815 

.870 

.900 

.911 

.915 

.936 

.949 

1.912 

1.167 

.720 

1.961 

4i 

10.04 

e.- 

.804 

1.772 

V.  g. 

.557 

.684 

.733 

.781 

.846 

.884 

.901 

.908 

.922 

.952 

1.956 

1.132 

.707 

2.006 

5 

9.39 

V.  g. 

.836 

1.687 

e. 

.643 

.686 

.748 

.800 

.866 

.897 

.929 

.935 

.933 

.946 

1.932 

1.173 

.709 

1.979 

6 

9. 16 

V.  g. 

.840 

1.672 

e. 

.628 

.708 

.767 

.811 

.876 

.899 

.911 

.914 

.920 

.934 

1.911 

1. 170 

.710 

1.957 

7 

8. 18 

e.- 

.859 

1.718 

V.  g. 

.665 

.759 

.813 

.844 

.898 

.921 

.937 

.941 

.946 

.946 

1.905 

1.133 

.755 

1.940 

8 

12.15 

V.  g. 

.851 

1.671 

V.  g. 

.653 

.726 

.773 

.837 

.895 

.915 

.940 

.947 

.953 

.951 

1.856 

1. 147 

.739 

1.917 

11 

11.05 

e. 

.855 

1.757 

g- 

.622 

.726 

.793 

.820 

.887 

.919 

.940 

.939 

.956 

.974 

1.943 

1.137 

.749 

1.998 

12 

7.22 

g. 

.881 

1.810 

fc>* 

.693 

.811 

.852 

.878 

.914 

.949 

.970 

.966 

.960 

.957 

1.931 

1.087 

.811 

1.967 

13 

2.83 

e. 

.904 

1.784 

e. 

.721 

.796 

.853 

.894 

.934 

.950 

.957 

.958 

.964 

.944 

1.921 

1.085 

.833 

1.935 

i  Afternoon  observations.  All  others  were  made  before  noon. 
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Table  33. — Solar-constant  values,  Mount  Wilson,  1908 — Continued. 


Date. 

Pres¬ 

sure 

water 

va¬ 

por. 

PyTheliometry. 

Bolometry. 

Solar 

con¬ 

stant 

E„. 

Ratio 

E'0 

Atmos¬ 

pheric 

trans- 

mis- 

sion 

Solar 

con¬ 

stant 

cor¬ 

rected 

for 

zero 

water 

vapor 

EV 

Grade. 

Appar¬ 

ent 

atmos¬ 

pheric 

trans¬ 

mis¬ 

sion 

a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

A„. 

Atmospheric  transmission  for  different  wave  lengths. 

Grade. 

P 

0. 40 

P 

0.  45 

P 

0. 50 

p 

0.60 

P 

0.  70 

P 

0.80 

P 

0.  90 

P 

1.00 

P 

1.20 

P 

1.60 

A0. 

Aca 

E'„. 

mm. 

Aug.  14 

5.75 

P- 

0. 888 

1.806 

g- 

.710 

.805 

.858 

.879 

.938 

.951 

.957 

.960 

.961 

.960 

1.922 

1.080 

0. 823 

1.951 

15 

2.  79 

e.- 

.900 

1.779 

g- 

.743 

.815 

.851 

.864 

.924 

.953 

.967 

.969 

.967 

.959 

1.928 

1.092 

.824 

1.942 

16 

3.70 

e. 

.899 

1.756 

g- 

.726 

.805 

.849 

.874 

.918 

.955 

.959 

.960 

.964 

.965 

1.920 

1.104 

.814 

1.938 

17 

5.57 

e. 

.891 

1.732 

g- 

.723 

.792 

.846 

.879 

.933 

.941 

.954 

.957 

.956 

.957 

1.923 

1.126 

.791 

1.951 

18 

6.91 

V.  g. 

.881 

1.730 

g- 

.698 

.794 

.845 

.879 

.915 

.952 

.961 

.960 

.960 

.966 

1.909 

1.124 

.784 

1.944 

20 

7. 04 

V.  g.- 

.891 

1.707 

g. 

.671 

.776 

.826 

.866 

.923 

.945 

.954 

.960 

.960 

.959 

1.938 

1.154 

.771 

1.970 

21 

6. 32 

V.  g. 

.910 

1.719 

g- 

.719 

.826 

.854 

.881 

.941 

.957 

.974 

.977 

.974 

.964 

1.898 

1.123 

.809 

1.930 

22 

3.27 

V.  g. 

.893 

1.771 

v.  g. 

.731 

.820 

.857 

.893 

.934 

.958 

.957 

.960 

.953 

.966 

1.925 

1.096 

.814 

1.941 

23 

3.15 

e. 

.893 

1.807 

P- 

.724 

.830 

.857 

.891 

.934 

.955 

.953 

.955 

.958 

.968 

1.951 

1.089 

.820 

1.967 

24 

4.  26 

V.g. 

.908 

1.789 

g- 

.736 

.802 

.855 

.888 

.932 

.955 

.963 

.962 

.968 

.966 

1.936 

1.094 

.830 

1.957 

25 

2.74 

V.g.+ 

.908 

1.806 

g- 

.748 

.838 

.875 

.899 

.948 

.955 

.945 

.946 

.952 

.949 

1.940 

1.082 

.839 

1.954 

25i 

2.65 

v.g.- 

.908 

1.805 

g- 

.710 

.798 

.847 

.879 

.930 

.953 

.967 

.969 

.978 

.987 

1.930 

1.075 

.845 

1.943 

26 

3.02 

v.g.- 

.918 

1.785 

g- 

.716 

.805 

.865 

.905 

.946 

.959 

.964 

.960 

.940 

.927 

1.958 

1.105 

.831 

1.973 

26i 

4. 39 

v.g. 

.915 

1.728 

g- 

.713 

.798 

.833 

.892 

.934 

.956 

.972 

.975 

.982 

.990 

1.872 

1.096 

.836 

1.894 

27 

3.71 

V.  g. 

.908 

1.779 

v.g. 

.710 

.783 

.848 

.885 

.935 

.952 

.978 

.980 

.984 

.985 

1.920 

1.090 

.833 

1.939 

27i 

7. 49 

V.g. 

.894 

1.700 

g. 

.674 

.778 

.825 

.879 

.935 

.956 

.970 

.971 

.973 

.956 

1.889 

1.134 

.787 

1.928 

28 

3.71 

v.g. 

.918 

1.683 

P- 

.746 

.843 

.884 

.910 

.958 

.954 

.957 

.957 

.940 

.940 

1.914 

1.148 

.799 

1.933 

29 

4.44 

e. 

.914 

1.726 

P- 

.718 

.843 

.883 

.914 

.953 

.967 

.950 

.944 

.951 

.940 

1.895 

1.111 

.823 

1.917 

30 

4.  94 

V.g.- 

.908 

1.757 

P- 

.734 

.809 

.854 

.881 

.927 

.955 

.952 

.954 

.945 

.956 

1.953 

1.126 

.805 

1.978 

31 

5.70 

e. 

.897 

1.736 

P- 

.676 

.813 

.871 

.881 

.948 

.967 

.978 

.961 

.926 

.931 

1.924 

1.124 

.798 

1.952 

Sept.  1 

8.30 

v.g. 

.900 

1.646 

P- 

.710 

.802 

.879 

.904 

.940 

.968 

.964 

.961 

.961 

.970 

1.827 

1.135 

.793 

1.868 

2 

9.70 

V.g. 

.873 

1.723 

v.g. 

.692 

.771 

.828 

.865 

.921 

.936 

.948 

.951 

.943 

.938 

1.932 

1.149 

.758 

1.980 

3 

9.30 

e. 

.887 

1.674 

V.g. 

.706 

.776 

.832 

.873 

.925 

.931 

.953 

.954 

.956 

.965 

1.893 

1.158 

.763 

1.939 

4 

8.89 

e. 

.879 

1.724 

g. 

.684 

.760 

.827 

.868 

.916 

.958 

.951 

.952 

.962 

.973 

1.950 

1.157 

.758 

1.994 

8 

7.97 

e. 

.891 

1.798 

g. 

.740 

.791 

.853 

.897 

.940 

.965 

.974 

.970 

.945 

.958 

1.940 

1.101 

.809 

1.980 

9 

8.36 

v.  g. 

.881 

1.703 

14 

5. 31 

e. 

.917 

1.728 

V.g. 

.743 

.834 

.858 

.903 

.949 

.970 

.975 

.974 

.973 

.994 

1.882 

1.105 

.822 

1.909 

15 

5.42 

e. 

.912 

1.764 

v.g. 

.734 

.804 

.851 

.901 

.953 

.959 

.978 

.977 

.971 

.967 

1.917 

1.102 

.830 

1.944 

16 

4.44 

g. 

.906 

1.777 

p. 

.723 

.813 

.865 

.913 

.943 

.948 

.935 

.927 

.974 

.968 

1.907 

1.086 

.834 

1.929 

17 

4.32 

V.g. 

.890 

1.784 

e. 

.724 

.815 

.843 

.875 

.935 

.950 

.953 

.954 

.960 

.957 

1.935 

1.097 

.811 

1.957 

19 

7.63 

e.— 

.906 

1.655 

e. 

.711 

.802 

.855 

.883 

.932 

.946 

.951 

.950 

.960 

.971 

1.862 

1.148 

.787 

1.900 

20 

5.83 

e. 

.895 

1.720 

g. 

.711 

.826 

.856 

.888 

.941 

.941 

.953 

.953 

.961 

.960 

1.863 

1.100 

.814 

1.892 

30 

5. 18 

p. 

p. 

.692 

.789 

.839 

.851 

.915 

.938 

.938 

.938 

.953 

.969 

1.941 

1.967 

Oet.  4 

3.82 

e. 

.851 

1.752 

p. 

.652 

.702 

.799 

.814 

.871 

.927 

.933 

.940 

.943 

.940 

1.919 

1.106 

.769 

1.938 

5 

4.  71 

e. 

.867 

1.797 

e. 

.692 

.782 

.816 

.852 

.889 

.910 

.922 

.930 

.931 

.947 

1.953 

1.100 

.789 

1.976 

6 

3.30 

e. 

.908 

1.737 

e. 

.719 

.804 

.845 

.897 

.936 

.971 

.973 

.970 

.957 

.970 

1.919 

1.114 

.815 

1.935 

7 

3.39 

V.  g.+ 

.896 

1.748 

p. 

.728 

.804 

.817 

.874 

.936 

.936 

.957 

.958 

.943 

.960 

1.960 

1.131 

.792 

1.977 

9 

4. 66 

e. 

.902 

1.725 

g. 

.750 

.794 

.877 

.890 

.934 

.944 

.958 

.956 

.957 

.984 

1.908 

1.119 

.807 

1.931 

10 

4.38 

V.  g.+ 

.906 

1.716 

p- 

.721 

.809 

.866 

.881 

.928 

.953 

.953 

.962 

.984 

.972 

1.908 

1.125 

.806 

1.930 

11 

4. 59 

V.g. 

.911 

1.713 

p. 

.687 

.785 

.827 

.900 

.938 

.940 

.956 

.961 

.983 

.978 

1.907 

1.128 

.807 

1.932 

13 

3.86 

V.g. 

.902 

1.748 

g. 

.698 

.807 

.816 

.905 

.920 

.930 

.957 

.964 

.950 

.960 

1.940 

1.121 

.806 

1.959 

19 

2.74 

V.g. 

.879 

1.773 

V.  g. 

.670 

.778 

.849 

.879 

.912 

.947 

.940 

.932 

.942 

.928 

1.965 

1.116 

.787 

1.979 

21 

2.50 

V.g. 

.891 

1.805 

V.g. 

.711 

.785 

.834 

.873 

.919 

.950 

.969 

.967 

.968 

.955 

1.942 

1.083 

.823 

1.954 

22 

2. 15 

e. 

.900 

1.809 

V.g. 

.738 

.809 

.835 

.876 

.939 

.954 

.965 

.963 

.953 

.925 

1.970 

1.095 

.822 

1.981 

23 

1.59 

v.g. 

.899 

1.816 

V.g. 

.731 

.787 

.842 

.878 

.918 

.951 

.973 

.968 

.971 

.941 

1.952 

1.079 

.833 

1.960 

24 

2.12 

e. 

.907 

1.745 

g. 

.738 

.813 

.854 

.887 

.924 

.946 

.952 

.950 

.938 

.950 

1.920 

1.107 

.829 

1.931 

27 

2.33 

e. 

.889 

1.804 

g. 

.678 

.791 

.818 

.894 

.933 

.929 

.926 

.929 

.930 

.956 

1.960 

1.093 

.814 

1.972 

28 

2.64 

e. 

.900 

1.767 

V.g. 

.713 

.782 

.846 

.879 

.917 

.938 

.942 

.940 

.946 

.960 

1.931 

1.100 

.818 

1.944 

29 

2.48 

V.g. 

.897 

1.756 

g. 

.723 

.783 

.832 

.889 

.939 

.964 

.968 

.970 

.955 

.941 

1.901 

1.090 

.821 

1.913 

31 

2.42 

e. 

.892 

1.823 

V.g. 

.706 

.785 

.836 

.868 

.918 

.940 

.969 

.971 

.967 

.960 

1.935 

1.068 

.836 

1.947 

Nov.  8 

3. 56 

e. 

.879 

1.763 

g. 

.671 

.791 

.822 

.876 

.924 

.918 

.912 

.911 

.926 

.953 

1.986 

1.137 

.774 

2. 004 

9 

3.12 

g. 

.916 

1.652 

g. 

.676 

.748 

.838 

.877 

.920 

.942 

.958 

.962 

.949 

.942 

1.978 

1.206 

.758 

1.994 

10 

3.16 

g- 

.909 

1.713 

V.g. 

.706 

.796 

.845 

.873 

.931 

.952 

.968 

.965 

.958 

.954 

1.927 

1.134 

.801 

1.943 

11 

3.56 

g.+ 

.895 

1.748 

v.g. 

.711 

.773 

.833 

.869 

.911 

.939 

.945 

.948 

.  951 

.953 

1.963 

1.133 

.790 

1.981 

12 

3.02 

V.g. 

.920 

1.687 

V.g. 

.726 

.830 

.859 

.896 

.940 

.955 

.972 

.969 

.969 

.968 

1.897 

1.133 

.811 

1.912 

17 

3.07 

e. 

.920 

1.731 

g- 

.724 

.826 

.859 

.879 

.927 

.933 

.938 

.939 

.968 

.980 

1.953 

1.137 

.809 

1.968 

18 

3.37 

e. 

.893 

1.732 

V.g. 

.706 

.796 

.840 

.888 

.925 

.949 

.964 

.963 

.960 

.960 

1.911 

1.113 

.803 

1.928 

l 

1  Afternoon  observations. 
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SOLAR-CONSTANT  AND  ATMOSPHERIC  TRANSMISSION  FOR  1909,  1910,  AND  1911. 

Tables  34,  35,  and  36  give  the  results  of  the  years  1909,  1910,  and  1911 
obtained  upon  Mount  Wilson.  They  are  similar  to  Table  33,  but  with  one  or 
two  differences.  In  the  first  place  the  measurements  made  on  Mount  Wilson  in 
the  years  1905,  1906,  1908,  and  in  the  early  months  of  1909  were  made  with  the 
flint-glass  prism,  described  in  Volume  II  of  these  Annals.  But  July  11,  1909, 
there  was  introduced  the  ultra-violet  glass  prism,  described  in  Chapter  III,  which, 
except  as  occasionally  displaced  for  a  few  days  by  a  quartz  prism,  described  in 
Chapter  III,  has  been  used  at  Mount  Wilson  ever  since.  These  changes  are  shown 
by  footnotes  to  the  tables.  The  great  flint-glass  prism  has  never  been  employed  for 
solar  constant  work  since  July  10,  1909.  In  the  second  place,  an  additional  column, 
relating  to  the  quantity  of  water  in  the  atmosphere,  is  introduced  in  Tables  35 
and  36,  as  column  3.  It  gives  the  depth  of  liquid  water  which  would  be  produced 
if  all  the  water  vapor  in  the  atmosphere,  between  the  observing  station  and  the 
outer  limit,  were  precipitated  as  liquid  water  upon  the  surface  of  the  earth.  It  is 
determined  according  to  the  method  described  by  Mr.  Fowle.1 

The  columns  following  column  3  are  as  in  Table  33,  except  that  after  the 
introduction  of  the  ultra-violet  or  quartz  prism  it  was  possible  to  measure  at  shorter 
wave  lengths,  so  that  the  transmission  coefficient  of  the  atmosphere  at  wave  length 
0.35  [i  is  inserted  as  column  8,  and  the  transmission  coefficient  at  0.90  [i  is  omitted. 
It  should  also  be  noted  that  in  the  years  1910  and  1911  the  correction  for  the  residual 
effect  of  water  vapor  on  the  solar  constant  is  determined  in  the  second  way  indicated 
in  Chapter  III.  This  correction  is  become  smaller  in  1911  because  of  the  adoption 
of  the  new  and  more  accurate  method  of  estimating  the  areas  of  water  vapor  bands 
in  holographs  explained  in  Chapter  III. 


1  See  Astrophysical  Journal,  vol.  35,  p.  149,  1912.  This  paper  is  here  reprinted  in  the  Appendix. 


ANNALS  OF  THE  ASTEOPHYSICAL  OBSEEVATOBY. 


107 


Table  34. — Solar-constant  values,  Mount  Wilson,  1909. 


Date. 

Pressure  water  vapor. 

Pyrheliometry. 

Bolometry. 

Solar  constant  E0. 

E  O 

Ratio 

•  •  A  a 

Atmospheric  transmission 

E'o 

Solar  constant  corrected  for 

zero  water  vapor  E'0. 

<3 

1 

O 

Apparent  atmospheric 
transmission  a. 

Apparent  solar  con¬ 
stant  Ao. 

Atmospheric  transmission  for  different  wave  lengths. 

Grade. 

Si 

0.35 

1* 

0.40 

fi 

0.45 

/* 

0.50 

t* 

0.60 

Si 

0.70 

l* 

0.80 

Si 

1.00 

si 

1.20 

fi 

1.60 

mm. 

June  1 

13.87 

e. 

0. 900 

1.717 

g- 

. 

0.800 

0. 826 

0.842 

0.878 

0.940 

0.953 

0.965 

0.977 

0.957 

1. 865 

1. 126 

0.799 

1.934 

2 

10. 34 

V.  g.+ 

.895 

1.733 

e. 

.723 

.798 

.853 

.890 

.932 

.959 

.968 

.966 

.963 

1.848 

1.096 

.816 

1.900 

3 

8. 92 

e. 

.885 

1.  725 

V.  g. 

.689 

.805 

.834 

.879 

.931 

.948 

.950 

.947 

.960 

1.883 

1.118 

.792 

1. 928 

4 

8.43 

e. 

.887 

1.  765 

e. 

.676 

.791 

.832 

.868 

.930 

.955 

.965 

.959 

.951 

1. 909 

1. 105 

.803 

1.951 

6 

8.84 

e. 

.902 

1.737 

e. 

.718 

.798 

.840 

.876 

.930 

.955 

.965 

.962 

.981 

1.844 

1. 087 

.829 

1.888 

7 

6.98 

V.g.+ 

.881 

1.  765 

e. 

. 

.681 

.789 

.826 

.842 

.911 

.928 

.945 

.951 

.956 

1.894 

1.093 

.806 

1.929 

8 

7. 18 

V.  g. 

.891 

1.757 

v.g. 

.716 

.796 

.840 

.857 

.921 

.941 

.953 

.961 

.968 

1.  874 

1.087 

.819 

1.910 

9 

7. 34 

V.  g. 

.885 

1.697 

e. 

.698 

.800 

.838 

.863 

.919 

.949 

.959 

.956 

.965 

1.  834 

1. 102 

.803 

1.871 

11 

8. 51 

V.  g. 

.893 

1.790 

e. 

.716 

.791 

.846 

.871 

.921 

.944 

.956 

.956 

.972 

1.908 

1. 090 

.819 

1.951 

12 

8.43 

e.— 

.893 

1.  759 

e. 

.719 

.809 

.843 

.878 

.928 

.950 

.967 

.969 

.976 

1.  866 

1.085 

.823 

1.908 

15 

6.65 

e. 

.891 

1.733 

e. 

.728 

.807 

.842 

.885 

.922 

.952 

.964 

.960 

.973 

1. 859 

1.092 

.817 

1.892 

16 

6.  78 

g- 

.869 

1.737 

V.g. 

.695 

.794 

.831 

.851 

.898 

.932 

.942 

.945 

.960 

1.876 

1. 100 

.790 

1.910 

20' 

7. 46 

e. 

.859 

1.832 

v.g. 

0. 637 

.725 

.762 

.828 

.876 

.903 

.932 

.928 

.933 

.959 

1.981 

1. 101 

.780 

2.018  • 

21 

10.  57 

v.g. 

.881 

1. 761 

v.g. 

.711 

.791 

.832 

.857 

.917 

.949 

.953 

.954 

.965 

1. 914 

1.117 

.789 

1.967 

22 

10.36 

e. 

.893 

1.682 

V.g. 

.721 

.789 

.827 

.863 

.915 

.942 

.960 

.963 

.969 

1.857 

1.147 

.779 

1.929 

23 

8.31 

e. 

.887 

1.745 

v.g. 

. 

.702 

.792 

.836 

.865 

.927 

.956 

.957 

.956 

.976 

1.902 

1.114 

.796 

1.944 

24 

8.43 

v.g. 

.885 

1.  733 

e. 

.716 

.791 

.824 

.874 

.932 

.949 

.967 

.965 

.971 

1. 885 

1.112 

.796 

1.927 

25 

7.01 

e. 

.893 

1.757 

e. 

.718 

.813 

.853 

.887 

.935 

.950 

.959 

.963 

.959 

1.910 

1. 107 

.807 

1.945 

26 

5.84 

e. 

.888 

1. 761 

e. 

.713 

.798 

.840 

.861 

.923 

.934 

.951 

.952 

.967 

1.950 

1.124 

.790 

1.979 

27 

5.58 

V.g. 

.895 

1.  723 

e. 

.716 

.811 

.849 

.875 

.936 

.967 

.965 

.959 

.974 

1.904 

1. 121 

.799 

1. 932 

28 

5.53 

e. 

.893 

1.741 

e. 

.736 

.838 

.860 

.878 

.934 

.952 

.970 

.975 

.979 

1.899 

1. 107 

.807 

1. 927 

29 

5.74 

e. 

.885 

1. 725 

e. 

...... 

.705 

.785 

.824 

.866 

.917 

.945 

.962 

.952 

.948 

1.886 

1.110 

.797 

1.915 

July  4 

6.45 

V.g. 

.881 

1.865 

g. 

. 

.773 

.792 

.867 

.905 

.932 

.945 

.946 

.942 

.946 

1.947 

1.061 

.830 

1. 979 

5 

4. 12 

0.— 

.902 

1.757 

p. 

.776 

.841 

.883 

.904 

.942 

.943 

.942 

.937 

.921 

1.905 

1.095 

.824 

1.925 

6 

6.44 

v.g. 

.887 

1.  721 

p. 

.794 

.840 

.868 

.885 

.920 

.923 

.915 

.907 

.921 

1.891 

1.117 

.795 

1.923 

7 

5.42 

e. 

.910 

1.  773 

e. 

.734 

.809 

.858 

.893 

.938 

.953 

.965 

.969 

.978 

1.897 

1.085 

.842 

1.924 

8 2 

4. 10 

V.  g.+ 

.914 

1. 725 

e. 

.706 

.787 

.834 

.869 

.900 

.942 

.960 

.964 

.973 

.967 

1. 838 

1.077 

.848 

1.858 

92 

4.83 

e. 

.906 

1.761 

v.g. 

.701 

.755 

.817 

.865 

.889 

.930 

.963 

.972 

.973 

.978 

1. 858 

1.068 

.848 

1.882 

102 

7.64 

e. 

.895 

1. 729 

e. 

.696 

.742 

.815 

.855 

.886 

.930 

.945 

.947 

.951 

.972 

1.861 

1.098 

.815 

1.899 

113 

6.96 

e . 

.893 

1.753 

v.g. 

.614 

.737 

.839 

.874 

.894 

.954 

.968 

.975 

.962 

.980 

1.897 

1.102 

.810 

1.932 

12 

7.01 

v.cur. 

e. 

.625 

.757 

.841 

.899 

.905 

.951 

.977 

.989 

.991 

.982 

1.843 

1.878 

13 

8.  22 

V.  g.-f 

.877 

1. 786 

e. 

.608 

.718 

.802 

.860 

.878 

.941 

.970 

.985 

.983 

.993 

1. 913 

1.094 

.801 

1.954 

14 

6. 66 

V.  g.-f 

.908 

1. 705 

e. 

.611 

.748 

.833 

.879 

.904 

.956 

.973 

.983 

.979 

.989 

1. 879 

1. 121 

.810 

1. 912 

15 

2.16 

e. 

.914 

1.  781 

e. 

.635 

.734 

.832 

.865 

.906 

.963 

.978 

.982 

.989 

.984 

1.913 

1.080 

.846 

1.924 

16 

5. 10 

V.  g.-f 

.893 

1.  725 

V.g. 

.575 

.708 

.804 

.860 

.892 

.958 

.981 

.968 

.970 

.977 

1.881 

1. 105 

.808 

1. 906 

17 

6.12 

V.g. 

.875 

1.725 

g. 

.589 

.689 

.790 

.835 

.881 

.944 

.955 

.960 

.973 

.973 

1.865 

1.099 

.796 

1.896 

20 

2.94 

e. 

.900 

1.717 

g. 

.644 

.770 

.829 

.881 

.904 

.952 

.965 

.964 

.970 

.980 

1.871 

1.098 

.819 

1.  886 

21 2 

4.  85 

e. 

.897 

1.709 

e. 

.774 

.757 

.807 

.861 

.895 

.920 

.946 

.960 

.948 

.972 

1.868 

1. 107 

.811 

1.892 

22 2 

7.62 

e. 

.879 

1.709 

e. 

.642 

.738 

.789 

.849 

.875 

.915 

.929 

.947 

.946 

.955 

1. 838 

1.097 

.802 

1.876 

26 2 

6. 48 

v.g. 

.902 

1.741 

e. 

.653 

.732 

.804 

.847 

.877 

.926 

.952 

.964 

.955 

.969 

1.894 

1. 107 

.815 

1.926 

27 2 

5.29 

v.g. 

.902 

1.806 

v.g. 

.689 

.737 

.818 

.847 

.881 

.926 

.953 

.971 

.966 

.985 

1. 906 

1.070 

.843 

1.932 

28 2 

5.23 

e.— 

.893 

1. 819 

V.g. 

.669 

.741 

.815 

.853 

.888 

.927 

.944 

.955 

.948 

.965 

1.927 

1.074 

.832 

1.953 

292 

4. 32 

v.g. 

.902 

1.806 

e. 

.675 

.752 

.820 

.859 

.884 

.930 

.956 

.965 

.968 

.966 

1.902 

1. 065 

.847 

1.924 

30 2 

3.33 

V.g. 

.893 

1.757 

v.g. 

.729 

.752 

.822 

.865 

.900 

.937 

.946 

.956 

.935 

.961 

1.858 

1.067 

.837 

1. 875 

31 2 

4.31 

e. 

.893 

1.745 

v.g. 

.705 

.759 

.802 

.865 

.885 

.931 

.947 

.963 

.957 

.962 

1.873 

1.086 

.822 

1. 895 

Aug.  1 2 

3.32 

e. 

.890 

1.823 

V.g. 

.687 

.764 

.828 

.871 

.897 

.932 

.940 

.951 

.933 

.943 

1. 921 

1. 063 

.837 

1.938 

22 

6.18 

v.g.cur. 

.883 

1.885 

g. 

.660 

.747 

.805 

.851 

.875 

.918 

.935 

.942 

.931 

.950 

1.976 

1.065 

.829 

2.008 

32 

5.45 

e„— 

.900 

1.722 

V.  g. 

.664 

.747 

.815 

.857 

.895 

.929 

.946 

.962 

.966 

.962 

1.862 

1.097 

.821 

1.889 

4 2 

9.53 

V.  g.+ 

.875 

1.728 

v.g. 

.689 

.732 

.802 

.843 

.869 

.918 

.938 

.958 

.940 

.956 

1.841 

1.093 

.803 

1.889 

62 

3. 81 

V.g.- 

.875 

1.731 

p. 

.637 

.752 

.813 

.847 

.900 

.943 

.958 

.965 

.957 

.969 

1.742 

1.017 

.860 

1.761 

72 

10.43 

p- 

.883 

1. 671 

V.g. 

.685 

.744 

.796 

.857 

.888 

.935 

.950 

.  956 

.948 

.972 

1.822 

1. 121 

.788 

1. 874 

82 

10.20 

e.— 

.900 

1. 762 

V.g. 

.710 

.734 

.809 

.869 

.899 

.934 

.955 

,951 

.944 

.977 

1. 877 

1.094 

.814 

1. 928 

92 

4. 14 

e.— 

.902 

1.  782 

V.g. 

.716 

.771 

.830 

.871 

.873 

.935 

.957 

.964 

.966 

.986 

1.891 

1.072 

.842 

1.913 

10 2 

5. 67 

V.  g. 

.900 

1.786 

e. 

.710 

.768 

.828 

.867 

.906 

.940 

.952 

.956 

.951 

.963 

1.880 

1.068 

.843 

1.908 

*  Ultra-violet  glass  prism  used  this  day.  2  Quartz  prism  used  this  day. 

*  Ultra-violet  glass  prism  used  hereafter  unless  otherwise  stated. 
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Table  34. — Solar-constant  values ,  Mount  Wilson,  1909 — Continued. 


Date. 

Pressure  water  vapor. 

Pyrheliometry. 

Bolometry. 

Solar  constant  Eo- 

v°|  © 

o 

03 

eo!'° 

a 

o 

*w 

.S3 

a 

w 

fl 

o3 

u> 

.o 

a> 

A 

pH 

W 

o 

a 

< 

Solar  constant  corrected  for 

zero  water  vapor  E'0. 

Grade. 

Apparent  atmospheric 
transmission  a. 

Apparent  solar  con¬ 

stant  Ao. 

Atmospheric  transmission  lor  different  wave  lengths. 

Grade. 

A* 

0.  35 

A* 

0.40 

A* 

0. 45 

A* 

0. 50 

A* 

0. 60 

A* 

0. 70 

A* 

0. 80 

A* 

1.00 

n 

1.20 

A* 

1.60 

mm. 

Aug.  11 

5. 01 

e.— 

0.887 

1.753 

e. 

.617 

0.746 

0. 813 

0.858 

0.895 

0.938 

0.961 

0.981 

0.989 

0.989 

1.915 

1.107 

0.802 

1.940 

13 

3. 50 

curved. 

.915 

1.834 

g- 

.  614 

.741 

.819 

.879 

.905 

.962 

.986 

.984 

.989 

.986 

1. 973 

1.085 

.844 

1.990 

19 

11.34 

g- 

.853 

1. 712 

g- 

.551 

.705 

.785 

.842 

.891 

.938 

.963 

.982 

.978 

.986 

1. 857 

1.118 

.763 

1.914 

21 

11.37 

e. 

.889 

1.704 

p- 

.597 

.708 

.809 

.863 

.892 

.951 

.967 

.980 

.976 

.982 

1.886 

1. 140 

.785 

1.943 

22 

9.32 

V.  g. 

.895 

1.  727 

g- 

.624 

.754 

.820 

.886 

.909 

.957 

.975 

.986 

.983 

.986 

1.876 

1.113 

.804 

1.  923 

23 

8.28 

e. 

.893 

1.750 

g- 

.611 

.748 

.821 

.865 

.902 

.959 

.964 

.964 

.962 

.973 

1. 924 

1.123 

.795 

1.  965 

24 

3. 38 

V.  g. 

.902 

1.787 

v.g. 

.658 

.736 

.826 

.873 

.907 

.950 

.971 

.977 

.968 

.982 

1.  951 

1. 101 

.819 

1.  968 

25 

6.94 

v.g. 

.897 

1.766 

g. 

.578 

.744 

.814 

.865 

.897 

.947 

.960 

.977 

.976 

.989 

1.942 

1.120 

.801 

1. 977 

28 

7. 36 

e.— 

.862 

1.699 

V.  g. 

.586 

.677 

.743 

.818 

.859 

.918 

.944 

.964 

.965 

.973 

1.895 

1.137 

.759 

1.932 

30 

11.95 

p- 

.841 

1.663 

V.g. 

.513 

.623 

.768 

.813 

.857 

.914 

.933 

.947 

.949 

.948 

1. 878 

1. 165 

.722 

1.938 

Sept.  1 

4.53 

e.— 

.912 

1.819 

g. 

.684 

.747 

.833 

.903 

.920 

.965 

.980 

.984 

.989 

.975 

1.  905 

1. 060 

.860 

1.  928 

2 

3.25 

V.  g.+ 

.908 

1. 837 

V.g. 

.644 

.744 

.821 

.877 

.898 

.958 

.982 

.986 

.983 

.984 

1.922 

1.050 

.865 

1.938 

3 

4. 07 

p. 

.901 

1. 816 

g- 

.650 

.721 

.785 

.870 

.907 

.949 

.972 

.982 

.983 

.991 

1.931 

1.074 

.840 

1.951 

4 

3. 58 

V.  g. 

.865 

1. 838 

v.g. 

.590 

.733 

.805 

.861 

.885 

.934 

.954 

.955 

.958 

.970 

1.951 

1.071 

.808 

1.  969 

5 

7.73 

e. 

.897 

1. 723 

V.  g. 

.590 

.751 

.820 

.874 

.896 

.953 

.978 

.975 

.973 

.968 

1.890 

1.119 

.802 

1.929 

14 

4.01 

e.— 

.920 

1. 728 

p. 

.634 

.777 

.841 

.888 

.920 

.972 

.992 

.998 

.992 

.984 

1. 842 

1. 078 

.853 

1.862 

15 

4.07 

V.  g.+ 

.902 

1.754 

g. 

.641 

.764 

.827 

.898 

.900 

.948 

.966 

.977 

.981 

.982 

1.862 

1.073 

.841 

1.882 

16 

5. 04 

Y.  p. 

g. 

.640 

.727 

.802 

.874 

.893 

.960 

.979 

.991 

.990 

.977 

1.  869 

1.894 

18 

5.25 

v.g. 

.865 

1.766 

V.g. 

.552 

.676 

767. 

.806 

.868 

.941 

.959 

.975 

.980 

.989 

1.895 

1.087 

.796 

1.921 

19 

4.57 

V.  g. 

.885 

1. 819 

g. 

.610 

.749 

.814 

.877 

.893 

.963 

.981 

.974 

.983 

.984 

1.901 

1.058 

.837 

1.924 

20 

5. 15 

e.— 

.900 

1.688 

V.g. 

.622 

.744 

.818 

.887 

.896 

.956 

.968 

.972 

.965 

.986 

1.829 

1.099 

.819 

1.  855 

21 

4.79 

v.g. 

.910 

1.  725 

g. 

.621 

.762 

.842 

.915 

.930 

.968 

.898 

.978 

.989 

.991 

1. 855 

1.089 

.834 

1.  879 

22 

5.29 

v.g. 

.877 

1.722 

V.g. 

.589 

.701 

.796 

.835 

.885 

.943 

.962 

.984 

.991 

.989 

1. 835 

1.081 

.813 

1.861 

29 

3.64 

e.— 

.900 

1.739 

g- 

.628 

.754 

.834 

.885 

.905 

.952 

.980 

.988 

.976 

.986 

1.899 

1. 102 

.817 

1.917 

Oct.  1 

6.00 

V.  g. 

.897 

1. 721 

v.g. 

.632 

.734 

.819 

.877 

.895 

.950 

.966 

.993 

.992 

.980 

1.892 

1.117 

.083 

1. 922 

4 

6.61 

e.— 

.893 

1.769 

v.g. 

.631 

.750 

.809 

.865 

.900 

.943 

.955 

.961 

.961 

.975 

1. 929 

1.110 

.805 

1. 962 

5 

6.34 

e. 

.895 

1.789 

g. 

.556 

.738 

.812 

.852 

.897 

.939 

.961 

.973 

.974 

.968 

1.888 

1.073 

.837 

1.  920 

6 

5. 97 

e. 

.908 

1.699 

p. 

.577 

.769 

.837 

.895 

.898 

.964 

.981 

.992 

.975 

.984 

1.801 

1.078 

.843 

1.831 

8 

5. 30 

v.g. 

.885 

1.793 

p. 

.611 

.754 

.824 

.889 

.902 

.946 

.966 

.978 

.981 

.982 

1. 829 

1.035 

.855 

1.855 

9 

3.29 

V.  g.+ 

.900 

1.796 

p. 

.653 

.726 

.834 

.880 

.909 

.954 

.982 

.989 

.979 

.982 

1. 862 

1.046 

.860 

1.  878 

10 

V.g.- 

.906 

1.799 

p. 

.668 

.745 

.837 

.861 

.916 

.969 

.964 

.965 

.973 

1.  865 

1.050 

.863 

(1.890) 

14 

5.05 

e. 

.881 

1.841 

v.g. 

.525 

.696 

.779 

.857 

.973 

.933 

.961 

.981 

.991 

.973 

1.907 

1. 050 

.839 

1.932 

15 

4. 92 

V.  g.+ 

.895 

1.756 

g. 

.604 

.711 

.824 

.851 

.901 

.949 

.974 

.982 

.983 

.980 

1.  856 

1.071 

.836 

1. 881 

17 

4. 37 

e.— 

.895 

1.742 

V.g. 

.617 

.680 

.799 

.860 

.890 

.946 

.960 

.984 

.986 

.991 

1.862 

1.081 

.821 

1.884 

19 

4.70 

e.— 

.902 

1. 762 

V.g. 

.692 

.711 

.818 

.885 

.919 

.950 

.978 

.989 

.983 

.987 

1.817 

1.044 

.865 

1.840 

20 

3.03 

e. 

.900 

1.754 

p. 

.622 

.761 

.845 

.868 

.911 

.957 

.965 

.991 

.984 

.982 

1.841 

1. 058 

.851 

1.  856 

22 

2.46 

V.g. 

.912 

1. 822 

V.  g. 

.614 

.783 

.838 

.868 

.919 

.969 

.980 

.970 

.976 

.982 

1.883 

1.040 

.877 

1.895 

23 

2. 18 

v.g. 

.908 

1. 821 

g. 

.661 

.741 

.828 

.873 

.909 

.967 

.980 

.978 

.983 

.989 

1.887 

1. 042 

.872 

1.898 

24 

3.06 

e.— 

.913 

1.742 

V.g. 

.625 

.755 

.810 

.880 

.915 

.957 

.979 

.977 

.980 

.993 

1.850 

1.071 

.853 

1.865 

31 

3. 02 

g. 

.900 

1.748 

g. 

.603 

.723 

.813 

.867 

.909 

.956 

.968 

.974 

.960 

.968 

1.898 

1.094 

.823 

1.913 

Nov.  1 

2.44 

e.— 

.897 

1. 817 

g. 

.638 

.752 

.819 

.880 

.913 

.955 

.962 

.959 

.975 

.991 

1.912 

1. 059 

.847 

1.924 

2 

1.70 

e.— 

.912 

1.828 

v.g. 

.596 

.728 

.816 

.875 

.905 

.961 

.977 

.984 

.985 

.968 

1.934 

1.062 

.858 

1.942 

ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATOBY, 
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Table  35. — Solar-constant  values,  Mount  Wilson,  1910. 


Date. 

Pressure  water  vapor. 

Precipitable  water. 

Pyrheliometry. 

Bolometry. 

Solar  constant  E0. 

#o 

Is 

Atmospheric  transmission^^? 

sL  c 

Solar  constant  corrected  for 

zero  water  vapor  E'0. 

Grade. 

Apparent  atmospheric 
transmission  a. 

Apparent  solar  con¬ 
stant  A0. 

Atmospheric  transmission  for  different  wave  lengths. 

Grade. 

P 

0.35 

O 

O 

P 

0.45 

P 

0.50 

P 

0.60 

P 

0.70 

p 

0.80 

P 

1.00 

P 

1.20 

P 

1.60 

mm. 

mm. 

May  17 1 

5.02 

6.7 

v.  g. 

0.897 

1.631 

v.g  — 

0.581 

0.766 

0.762 

0.868 

0. 907 

0.948 

0.962 

0.980 

0.979 

0.989 

1.789 

1.111 

0.807 

1.812 

182 

4.05 

4.2 

v.g.— 

.876 

1.837 

g-+ 

.641 

.728 

.787 

.835 

.879 

.935 

.955 

.979 

.965 

.968 

1.921 

1.054 

.831 

1.936 

18 1 

4.94 

4.0 

e. 

.893 

1.758 

v.g.— 

.617 

.738 

.804 

.872 

.893 

.954 

.968 

.961 

.975 

.955 

1.864 

1.069 

.835 

1.879 

192 

3.72 

4.2 

V.g.— 

.891 

1.757 

v.g.— 

.637 

.710 

.798 

.854 

.870 

.920 

.950 

.985 

.979 

.989 

1.904 

1.092 

.816 

1.919 

19i 

5.00 

4.5 

e. — 

.881 

1.784 

v.g.+ 

.556 

.696 

.795 

.843 

.888 

.926 

.940 

.963 

.968 

.982 

1.936 

1.099 

.802 

1.951 

20« 

3.54 

2.7 

V.  g. 

.900 

1.792 

v.g  — 

.673 

.730 

.832 

.871 

.916 

.941 

.959 

.980 

.981 

.946 

1.886 

1.058 

.850 

1.895 

26i 

6.86 

13.1 

V.g.— 

.863 

1.752 

v.g. 

.600 

.721 

.789 

.848 

.868 

.920 

.946 

.968 

.961 

.959 

1.881 

1.101 

.784 

1.928 

272 

5.34 

12.5 

e. — 

.906 

1.758 

v.g.- 

.649 

.742 

.814 

.891 

.904 

.960 

.981 

.985 

.975 

.975 

1.892 

1.101 

.823 

1.936 

28 

6.72 

9.5 

e. — 

.897 

1.777 

e. 

.592 

.763 

.834 

.875 

.910 

.961 

.975 

.968 

.981 

.982 

1.903 

1.090 

.822 

1.937 

29 

6.63 

10.0 

v.g.+ 

.887 

1.785 

V.g.— 

.612 

.750 

.825 

.882 

.907 

.948 

.978 

.986 

.990 

.984 

1.893 

1.081 

.820 

1.929 

30 

6.45 

9.5 

e. — 

.891 

1.754 

e.— 

.614 

.723 

.828 

.872 

.896 

.945 

.968 

.970 

.964 

.977 

1.907 

1.107 

.805 

1.941 

31 

6. 62 

7.5 

e. 

.875 

1.742 

e. 

.531 

.742 

.767 

.808 

.876 

.934 

.950 

.982 

.963 

.998 

1.903 

1.107 

.790 

1.929 

June  l1 

6.25 

6.2 

e. 

.875 

1.763 

V.g.— 

.552 

.705 

.798 

.835 

.863 

.913 

.942 

.972 

.942 

.989 

1.930 

1.108 

.790 

1.953 

22 

6.26 

3.3 

V.  g. 

.889 

1.842 

g- 

.589 

.693 

.799 

.881 

.918 

.970 

.978 

.989 

.988 

.962 

1.932 

1.055 

.843 

1.943 

4 

6.94 

3.8 

e. — 

.900 

1.785 

V.g.— 

.690 

.723 

.810 

.865 

.896 

.956 

.986 

.990 

.991 

.973 

1.907 

1.076 

.836 

1.921 

5 

2.89 

3.4 

e.— 

.900 

1.806 

V.  g. 

.652 

.720 

.826 

.862 

.892 

.950 

.974 

.984 

.980 

.951 

1.976 

1.101 

.817 

1.989 

6 

6.44 

5.3 

e. 

.900 

1.770 

e.+ 

.621 

.724 

.832 

.878 

.909 

.949 

.978 

.984 

.967 

.989 

1.899 

1.084 

.830 

1.918 

8 

3.24 

3.0 

V.  g. 

.912 

1.787 

v.g  — 

.643 

.798 

.814 

.891 

.932 

.967 

.989 

.980 

.982 

.955 

1.923 

1.077 

.846 

1.934 

9 

3.69 

4.9 

e. 

.907 

1.771 

v.g. 

.572 

.736 

.809 

.891 

.909 

.970 

.982 

.989 

.977 

.995 

1.907 

1.087 

.834 

1.925 

10 

6.09 

17.2 

e. 

.869 

1.723 

v.g.— 

.564 

.710 

.774 

.848 

.880 

.932 

.956 

.972 

.955 

.955 

1.928 

1.156 

.752 

1.991 

11 

3.97 

4.9 

V.g.+ 

.910 

1.732 

v.g.+ 

.592 

.751 

.821 

.874 

.920 

.963 

.984 

.984 

.971 

.955 

1.911 

1.114 

.817 

1.929 

12 

3.89 

1.7 

e.? 

.910 

1.809 

e.-t- 

.670 

.780 

.824 

.889 

.923 

.975 

.980 

.985 

.978 

.989 

1.895 

1.051 

.865 

1.901 

13 

6.94 

4.7 

e. 

.897 

1.768 

v.g.— 

.640 

.727 

.820 

.872 

.899 

.965 

.989 

.986 

.988 

.991 

1.888 

1.078 

.832 

1.905 

16 

8.36 

9.8 

e.— 

.893 

1.715 

e.— 

.610 

.732 

.820 

.862 

.912 

.960 

.989 

.999 

.969 

.984 

1.866 

1.108 

.805 

1.901 

17 

7.73 

7.4 

e. 

.902 

1.733 

e* — 

.582 

.780 

.831 

.897 

.915 

.963 

.984 

.995 

.994 

.991 

1.867 

1.093 

.825 

1.893 

18 

5.33 

5.5 

e.— 

.900 

1.796 

e. — 

.627 

.720 

.827 

.878 

.909 

.952 

.973 

.988 

.983 

.986 

1.933 

1.088 

.827 

1.953 

19 

5.02 

4.6 

V.  g. 

.900 

1.802 

e. 

.637 

.737 

.832 

.928 

.916 

.961 

.988 

.991 

.990 

.982 

1.902 

1.065 

.845 

1.919 

20 

4.28 

6.8 

e. 

.887 

1.802 

e. — 

.659 

.747 

.817 

.881 

.909 

.938 

.971 

.980 

.986 

.993 

1.891 

1.063 

.835 

1.915 

21 

6.21 

2.7 

e. 

.893 

1.820 

e.+ 

.590 

.708 

.787 

.879 

.903 

.948 

.973 

.993 

.979 

.984 

1.942 

1.073 

.832 

1.952 

24 

7.21 

7.2 

V.g.+ 

.893 

1.727 

e. — 

.611 

.722 

.798 

.889 

.906 

.952 

.969 

.973 

.970 

.993 

1.892 

1.110 

.805 

1.918 

25 

4.99 

6.9 

e. — 

.887 

1.747 

g-+ 

.566 

.706 

.794 

.879 

.889 

.940 

.953 

.966 

.967 

.984 

1.944 

1.127 

.787 

1.969 

27 

6.76 

6.5 

e. — 

.879 

1.784 

e. — 

.551 

.698 

.785 

.841 

.910 

.928 

.938 

.955 

.979 

.944 

1.944 

1.103 

.797 

1.968 

28 

6.17 

4.6 

e.— 

.895 

1.739 

V.g.— 

.652 

.720 

.811 

.837 

.880 

.921 

.959 

.973 

.977 

.989 

1.912 

1.110 

.806 

1.930 

30 

7. 19 

7.1 

e. 

.904 

1.720 

V.  g. 

.634 

.745 

.815 

.867 

.907 

.962 

.981 

.991 

.987 

.991 

1.876 

1.105 

.818 

1.901 

July  2 

5. 04 

3.2 

V.  g. 

.902 

1.813 

e. — 

.659 

.729 

.841 

.886 

.902 

.962 

.980 

.978 

.985 

.970 

1.920 

1.065 

.847 

1.931 

3 

5.29 

5.2 

V.  g. 

.906 

1.744 

V.  g. 

.673 

.769 

.832 

.889 

.913 

.959 

.979 

.988 

.980 

.982 

1.862 

1.079 

.840 

1.881 

4 

3.34 

4.0 

e. 

.904 

1.764 

e„ — 

.610 

.739 

.832 

.887 

.902 

.918 

.947 

.974 

.980 

.973 

1.885 

1.077 

.839 

1.899 

5 

2.28 

4.8 

e. 

.897 

1.800 

e. 

.653 

.725 

.833 

.877 

.905 

.959 

.977 

.980 

.983 

.980 

1.909 

1.070 

.839 

1.926 

6 

7.08 

11.0 

e. 

.897 

1.742 

e. 

.565 

.747 

.826 

.882 

.900 

.943 

.986 

.985 

.977 

.991 

1.908 

1.118 

.802 

1.948 

7 

6.65 

8.8 

e. 

.897 

1.712 

e. 

.627 

.772 

.820 

.851 

.902 

.958 

.968 

.982 

.970 

.975 

1.874 

1.114 

.805 

1.906 

8 

6.61 

7.4 

e. 

.906 

1.732 

g-+ 

.612 

.751 

.814 

.876 

.904 

.942 

.974 

.968 

.983 

.980 

1.871 

1.095 

.827 

1.897 

9 

5.11 

6.5 

V.g.+ 

.887 

1.768 

e. 

.628 

.721 

.798 

.843 

.895 

.942 

.963 

.984 

.983 

.966 

1.879 

1.076 

.824 

1.902 

10 

5.08 

6.2 

v.g.+ 

.883 

1.788 

e. 

.614 

.693 

.782 

.835 

.885 

.928 

.956 

.965 

.977 

.973 

1.928 

1.091 

.810 

1.951 

11 

6.36 

8.4 

e. 

.875 

1.747 

V.g. 

.598 

.708 

.786 

.848 

.869 

.938 

.958 

.958 

.936 

.957 

1.900 

1.105 

.792 

1.930 

15 

12. 46 

15.4 

e. 

.897 

1.629 

g-+ 

.628 

.759 

.803 

.864 

.887 

.939 

.961 

.981 

.989 

.986 

1.820 

1.150 

.780 

1.873 

19 

11.97 

22.0 

e» 

.879 

1.706 

e. — 

.610 

.733 

.815 

.872 

.893 

.928 

.952 

.981 

.978 

.973 

1.887 

1.150 

.765 

1.963 

28 

11.20 

4.6 

V.  g. 

.895 

1.705 

Vg+ 

.646 

.754 

.835 

.881 

.910 

.950 

.974 

.985 

.973 

■982 

1.845 

1.092 

.820 

1.861 

29 

9.99 

e. — 

.908 

1.633 

e. — 

.722 

.774 

.822 

.877 

.890 

.925 

.933 

.935 

.946 

.963 

1.931 

31 

9.69 

e. 

.863 

1.742 

v.  g. 

.650 

.728 

.794 

.841 

.867 

.905 

.944 

.946 

Aug.  1 

4.79 

8.2 

V.g.+ 

.906 

1.741 

g-+ 

.641 

.732 

.799 

.868 

.908 

.955 

.973 

.976 

.987 

.964 

1.897 

1.107 

.818 

1.927 

2 

4.92 

12.5 

e. 

.904 

1.697 

v.g. 

.601 

.706 

.822 

.885 

.896 

.904 

.935 

.965 

.980 

.993 

1.883 

1.136 

.796 

1.928 

3 

5. 64 

12.4 

V.  g. 

.865 

1.764 

v.g.- 

.585 

.726 

.803 

.858 

.904 

.937 

.958 

.928 

.930 

.962 

1.907 

1.107 

.781 

1.952 

4 

5. 18 

7.9 

v.g.+ 

.897 

1.724 

V.g.+ 

.638 

.750 

.818 

.879 

.895 

.947 

.968 

.950 

.955 

.957 

1.892 

1.114 

.806 

1.920 

5 

4. 12 

4.4 

e«— 

.914 

1.736 

e. — 

.610 

.725 

.824 

.877 

.910 

.961 

.986 

.988 

.993 

.991 

1.888 

1.097 

.834 

1.904 

6 

4. 29 

8.6 

V.g.+ 

.875 

1.775 

Vg— 

.614 

.642 

.802 

.849 

.887 

.938 

.959 

.965 

.962 

.953 

1.898 

1.087 

.805 

1.929 

7 

4. 70 

15.0 

V.g.+ 

.877 

1.710 

e. 

.552 

.702 

.779 

.849 

.871 

.922 

.948 

.973 

.971 

.982 

1.877 

1.129 

.777 

1.931 

9 

7.23 

16.0 

e. 

.869 

1.737 

Vg+ 

.658 

.681 

.809 

.842 

.863 

.918 

.946 

.963 

.959 

.953 

1.881 

1.116 

.779 

1.939 

‘P.  m. 
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Table  35. — Solar-constant  values,  Mount  Wilson,  1910 — Continued. 


Pyrheliometry. 

Bolometry. 

el  o 

0 

Ui 

*2 

c 

O 

ft 

Precipitable  water. 

Apparent  atmospheric 

transmission.!! 

d 

O 

o 

Atmospheric  transmission  for  different  wave  lengths. 

1 

a 

Solar  constant  corrected 

zero  water  vapor  Eo 

Date. 

> 

(-4 

S 

a 

£ 

§’ 

PH 

© 

'S 

o 

S-.  • 

<3  O 
>0<4 

oa 

fil 

©  03 

f-4 

03 

04 

© 

rO 

c3 

(-4 

O 

P 

0.35 

P 

0.40 

P 

0.45 

O 

in's 

O 

P 

0.60 

P 

0.70 

P 

0.80 

P 

1.00 

P 

1.20 

P 

1.60 

Solar  constant  Ec 

*°|  0 
W  <1 

ts 

« 

(H 

oo 

© 

& 

O. 

o 

8 

Aug.  10 

TUTU. 

5.93 

mm. 

20.9 

V.  g. 

0.881 

1.654 

vg+ 

0.634 

0.721 

0.827 

0.852 

0.885 

0.929 

0.951 

0.965 

0.959 

0. 970 

1.806 

1.136 

0. 775 

1.878 

12 

3.73 

11.2 

e. 

.879 

1.780 

g- 

.621 

.722 

.810 

.831 

.894 

.975 

.975 

.957 

.974 

.984 

1.931 

1.107 

.794 

1.970 

13 

2.59 

1.6 

e. 

.912 

1.808 

V.g. 

.569 

.704 

.833 

.888 

.928 

.976 

.989 

.996 

.982 

.991 

1.911 

1.060 

.860 

1.917 

14 

3.86 

2.7 

e.— 

.910 

1.754 

v.g  — 

,658 

.641 

.820 

.870 

.915 

.964 

.975 

.993 

.988 

.985 

1.892 

1.085 

.839 

1.902 

15 

4.92 

4.5 

e. 

.900 

1.746 

e. 

.624 

.728 

.820 

.879 

.902 

.946 

.970 

.987 

.971 

.995 

1.875 

1.083 

.831 

1.891 

16 

3.92 

3.6 

e. 

.902 

1.793 

V.g. - 

.627 

.737 

.815 

.874 

.912 

.960 

.962 

.961 

.959 

.989 

1.909 

1.072 

.842 

1.922 

17 

1.10 

9.5 

e.— 

902 

1.736 

e. 

.676 

.775 

.837 

.896 

.910 

.960 

.963 

.967 

.939 

.964 

1.880 

1.102 

.818 

1.914 

21 

7.39 

22.5 

V.  g. 

.861 

1,661 

V.g. 

.550 

.631 

.778 

.852 

.883 

.920 

.964 

.962 

.937 

.935 

1.853 

1.164 

.740 

1.933 

22 

7.67 

19.2 

V.  g. 

.893 

1.658 

g- 

.627 

.699 

.825 

.879 

.906 

.933 

.965 

.978 

.985 

.989 

1.829 

1.144 

.780 

1.897 

23 

7.30 

20.7 

V.g.+ 

.891 

1.613 

e  — 

.679 

.755 

.822 

.849 

.902 

.954 

.974 

.976 

.979 

.975 

1.759 

1.134 

.786 

1.829 

25 

4.60 

18.0 

v.g.— 

.879 

1.679 

V.  g. 

.562 

.702 

.782 

.847 

.885 

.926 

.964 

.970 

.973 

.989 

1.856 

1.142 

.770 

1.918 

26 

6.59 

16.6 

v.g. 

.875 

1.737 

V.g.+ 

.617 

.692 

.809 

.867 

.889 

.924 

.962 

.969 

.958 

.982 

1.861 

1.105 

.792 

1.920 

27 

6.73 

13.7 

e. 

.900 

1.689 

e. 

.611 

.738 

.818 

.868 

.893 

.944 

.973 

.981 

.982 

.989 

1.851 

1.126 

.799 

1.901 

28 

3.95 

6.6 

e.— 

.916 

1.669 

e. — 

.736 

.757 

.838 

.900 

.918 

.961 

.980 

.983 

.971 

.938 

1.814 

1.101 

.832 

1.837 

29- 

2.29 

2.6 

e. — 

.914 

1.792 

e. — 

.689 

.732 

.828 

.874 

.900 

.953 

.970 

.987 

.989 

.980 

1.918 

1.076 

.849 

1.928 

Sept.  1 

10.35 

19.0 

V.  g. 

.908 

1.606 

g.— 

.714 

.717 

.834 

.853 

.897 

.964 

.969 

.985. 

.986 

.977 

1.846 

1.191 

.763 

1.913 

5 

6.83 

6.8 

e. 

.897 

1.730 

e. 

.600 

.712 

.812 

.867 

.900 

.948 

.975 

.982 

.988 

.975 

1.898 

1.112 

.806 

1.923 

6 

4.11 

4.2 

e. — 

.904 

1.773 

g-+ 

.612 

.750 

.840 

.894 

.910 

.954 

.973 

.986 

.987 

.984 

1.891 

1.075 

.817 

1.906 

7 

3.31 

4.0 

e.+ 

.914 

1.789 

V.  g. 

.668 

.809 

.853 

.884 

.914 

.961 

.977 

.973 

.974 

.968 

1.909 

1.075 

.850 

1.923 

8 

2.45 

3.0 

e. 

.912 

1.784 

V.  g. 

.619 

.736 

.822 

.884 

.933 

.964 

.981 

.976 

.988 

.993 

1.917 

1.081 

.844 

1.928 

9 

4.70 

15.5 

V.  g. 

.885 

1.706 

g-+ 

.708 

.780 

.828 

.851 

.908 

.923 

.946 

.924 

.931 

2.053 

1.238 

.715 

2.113 

11 

4.65 

9.2 

Vcg.cur 

.900 

1.704 

V.g.+ 

.586 

.750 

.814 

.843 

.900 

.949 

.964 

.966 

.967 

.980 

1.955 

1.168 

.770 

1.989 

12 

3.61 

7.1 

V.  g. 

.902 

1.739 

g-+ 

.656 

.785 

.821 

.869 

.895 

.960 

.969 

.991 

.993 

.968 

1.874 

1.092 

.826 

1.899 

16 

11.20 

8.0 

V.  g. 

.900 

1.760 

e. 

.621 

.741 

.826 

.888 

.910 

.957 

.961 

.978 

.990 

.982 

1.889 

1.090 

.825 

1.918 

17 

6.28 

4.3 

e.— 

.916 

1.751 

g.+ 

.655 

.774 

.827 

.895 

.914 

.959 

.981 

.995 

.993 

.986 

1.891 

1.089 

.841 

1.906 

18 

3.36 

4.2 

V.  g. 

.904 

1.811 

V.  g. 

.634 

.762 

.851 

.903 

.916 

.971 

.977 

.982 

.982 

.925 

1.930 

1.075 

.841 

1.946 

19 

3.07 

4.0 

e.— 

.904 

1.786 

g-+ 

.671 

.753 

.846 

.894 

.918 

.960 

.982 

.990 

.982 

.975 

1.890 

1.066 

.848 

1.904 

20 

2.89 

3.4 

V.  g. 

.906 

1.788 

e. 

.627 

.745 

.829 

.889 

.910 

.965 

.978 

.978 

.981 

.964 

1.903 

1.072 

.845 

1.916 

21 

3.94 

3.7 

e. 

.918 

1.751 

V.g.+ 

.673 

.752 

.843 

.898 

.918 

.957 

.979 

.986 

.978 

.984 

1.887 

1.085 

.846 

1.900 

22 

5.20 

4.4 

e. 

.908 

1.746 

V.g.— 

.671 

.757 

.825 

.865 

.902 

.956 

.980 

.986 

.981 

.957 

1.880 

1.085 

.837 

1.895 

23 

3.31 

5.5 

e.— 

.906 

1.705 

e.— 

.631 

.652 

.795 

.857 

.902 

.938 

.969 

.978 

.983 

.984 

1.864 

1.105 

.820 

1.884 

24 

4.93 

5.7 

V.g.— 

.915 

1.712 

g-+ 

.692 

.757 

.817 

.875 

.906 

.961 

.975 

.989 

.985 

.989 

1.857 

1.097 

.834 

1.877 

25 

5.55 

6.5 

e. — 

.897 

1.751 

e.— 

.631 

.740 

.808 

.860 

.933 

.939 

.963 

.975 

.968 

.980 

1.892 

1.094 

.820 

1.915 

26 

5.37 

5.6 

v.g. 

.900 

1.710 

g-+ 

.614 

.729 

.805 

.844 

.889 

.939 

.962 

.981 

.987 

.975 

1.856 

1.097 

.821 

1.876 

27 

5.5 

e. 

.893 

1.749 

e. — 

.614 

.708 

.793 

.855 

.877 

.946 

.965 

.982 

.984 

.966 

1.896 

1.095 

.815 

1.916 

28 

3.10 

5.4 

e.— 

.927 

1.692 

e. — 

.692 

.753 

.847 

.896 

.927 

.952 

.973 

.987 

.980 

.982 

1.848 

1.104 

.840 

1.867 

Oct.  2 

4.43 

5.4 

g— 

.915 

1.714 

g- 

.668 

.722 

.824 

.877 

.902 

.959 

.969 

.972 

.974 

.984 

1.903 

1.122 

.815 

1.923 

3 

5.10 

7.6 

e. 

.897 

1.735 

e. — 

.668 

.722 

.810 

.865 

.897 

.950 

.963 

.966 

.973 

.951 

1.894 

1.107 

.810 

1.921 

6 

4.55 

8.0 

e. 

.904 

1.732 

e. 

.617 

.748 

.819 

.867 

.904 

.953 

.965 

.982 

.980 

.959 

1.891 

1.109 

.815 

1.920 

7 

4.77 

5.3 

e. 

.915 

1.715 

e. 

.631 

.729 

.831 

.863 

.912 

.958 

.982 

.990 

.991 

.989 

1.875 

1.104 

.829 

1.894 

8 

5.11 

6.8 

e. 

.906 

1.702 

e. 

.617 

.723 

.793 

.858 

.906 

.955 

.973 

.982 

.975 

.966 

1.868 

1.112 

.814 

1.892 

9 

4.54 

5.3 

e. 

.893 

1.745 

e. 

.603 

.739 

.800 

.846 

.877 

.915 

.963 

.982 

.977 

.957 

1.902 

1.101 

.811 

1.921 

10 

4.86 

6.7 

e. 

.906 

1.736 

e. 

.617 

.756 

.801 

.844 

.902 

.940 

.968 

.979 

.970 

.970 

1.916 

1.117 

.811 

1.940 

17 

5.94 

11.0 

V.  g. 

.906 

1.681 

V.  g.- 

.615 

.745 

.799 

.863 

.883 

.957 

.954 

.958 

.974 

.995 

1.958 

1.189 

.762 

1.998 

18 

6. 49 

10.8 

V.  g.- 

.910 

1.708 

e.— 

.656 

.733 

.835 

.877 

.902 

.938 

.977 

.983 

.979 

.995 

1.891 

1.130 

.805 

1.930 

19 

3. 87 

3.5 

V.  g. 

.900 

1.812 

e.— 

.664 

.743 

.801 

.859 

.891 

.930 

.965 

.985 

.979 

.984 

1.974 

1.097 

.820 

1.987 

20 

3. 74 

4.8 

V.  g.+ 

.920 

1.675 

V.g. 

.614 

.750 

.821 

.877 

.902 

.962 

.978 

.987 

.988 

.998 

1.882 

1.134 

.811 

1.899 

23 

3.84 

6.0 

v.  cur. 

.914 

1.672 

g- 

.710 

.736 

.809 

.904 

.893 

.949 

.980 

.995 

.991 

.992 

1. 847 

1.117 

.818 

1.867 

24 

3.25 

3.1 

V.  g.+ 

.918 

1.765 

V.  g. 

.671 

.734 

.812 

.885 

.895 

.952 

.971 

.989 

.989 

.991 

1.944 

1. 109 

.828 

1.956 

25 

2. 60 

5.7 

curved. 

.902 

1.736 

V.  g.- 

.664 

.738 

.810 

.860 

.904 

.950 

.973 

.987 

.990 

.984 

1.886 

1.098 

.822 

1.907 

26 

5.00 

5.3 

v.  g. 

.912 

1.724 

V.  g. 

.661 

.715 

.795 

.874 

.906 

.944 

.973 

.966 

.967 

.993 

1.910 

1.119 

.815 

1.929 

27 

4. 06 

6.6 

curved. 

.910 

1.699 

V.  g.+ 

.658 

.743 

.800 

.867 

.906 

.951 

.967 

.977 

.983 

.998 

1.889 

1.125 

.809 

1.912 

31 

6.04 

8.8 

v.  g.+ 

.895 

1.725 

g-+ 

.547 

.751 

.797 

.861 

.877 

.944 

.961 

.979 

.974 

.989 

1.929 

1.138 

.786 

1.962 

Nov.  1 

5. 16 

7.6 

v.  g.- 

.910 

1.689 

e. 

.644 

.740 

.827 

.858 

.895 

.956 

.974 

.985 

.993 

.982 

1.873 

1.126 

.808 

1.901 

5 

5.94 

4.1 

v.  g.+ 

.902 

1.773 

V.g.+ 

.573 

.713 

.804 

.874 

.897 

.950 

.964 

.967 

.972 

.993 

1.969 

1.120 

.805 

1.985 

6 

5.44 

3.9 

v.  g. 

.923 

1.727 

e. 

.605 

.740 

.826 

.877 

.908 

.965 

.979 

.985 

.991 

1.922 

1.120 

.824 

1.935 

7 

5.63 

4.2 

e.— 

.929 

1.690 

V.  g. 

.635 

.750 

.837 

.875 

.925 

.963 

.982 

.994 

.996 

.998 

1.890 

1. 127 

.824 

1.905 

8 

4.22 

3.0 

e.— 

.929 

1.708 

e. 

.671 

.744 

.850 

.890 

.927 

.961 

.980 

.993 

.990 

.991 

1.896 

1.117 

.831 

1.907 
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Table  36. — Solar-constant  values,  Mount  Wilson,  1911. 


Date. 

Pressure  water  vapor. 

Precipitable  water. 

Pyrheliometry. 

Bolometry. 

Solar  constant  E0. 

-°l  ° 

o 

"o3 

Ph 

Atmospheric  transmission  ^2? 

o 

Solar  constant  corrected  for 

water  vapor  E'0. 

Grade. 

Atmospheric  trans¬ 
mission  a. 

Apparent  solar  con¬ 
stant  A0. 

Atmospheric  transmission  for  different  wave  lengths. 

I 

Grade. 

0.35 

f* 

0.40 

n 

0.45 

V 

0.50 

V 

0.60 

A* 

0.70 

0.80 

V 

1.00 

1* 

1.20 

1.60 

mm. 

mm. 

June  2 

6.20 

7.8 

e. 

0.889 

1.734 

e.— 

0.631 

0.735 

0. 790 

0. 856 

0.871 

0.935 

0.980 

0. 980 

0. 965 

0. 980 

1.890 

1.098 

0. 810 

1.904 

3 

4.  84 

7.0 

g- 

.887 

1.752 

V.  g. 

.601 

.723 

.800 

.858 

.881 

.946 

.968 

.962 

.946 

.980 

1.911 

1.098 

.808 

1.924 

13 

6.65 

10.2 

V.  g. 

.875 

1.748 

g- 

.579 

.725 

.784 

.842 

.877 

.920 

.973 

.983 

.950 

.980 

1.912 

1.105 

.792 

1.931 

14 

4.  68 

5.0 

V.  g.+ 

.895 

1.787 

V.  g. 

.614 

.726 

.816 

.849 

.897 

.956 

.967 

.987 

.989 

.953 

1.932 

1.086 

.824 

1.941 

15 

6.36 

7.4 

V.  g. 

.875 

1.789 

V.  g. 

.586 

.714 

.802 

.842 

.869 

.930 

.944 

.950 

.940 

.989 

1.951 

1.098 

.797 

1.964 

17 

5.92 

13.4 

V.  g. 

.875 

1.749 

e. 

.600 

.716 

.810 

.851 

.977 

.946 

.964 

.967 

.968 

.959 

1.910 

1.106 

.791 

1.935 

18 

5.10 

6.8 

V.  g. 

.883 

1.806 

g- 

.565 

.710 

.815 

.869 

.895 

.946 

.951 

.964 

.936 

.984 

1.954 

1.089 

.811 

1.967 

21 

3.28 

5.5 

V.  g.+ 

.891 

1.820 

g- 

.585 

.760 

.810 

.889 

.904 

.947 

.985 

.982 

.967 

.975 

1.938 

1.070 

.833 

1.948 

22 

3.64 

4.2 

e.— 

.889 

1.845 

V.  g. 

.566 

.747 

.783 

.869 

.891 

.939 

.968 

.975 

.9,84 

.942 

1.972 

1.073 

.828 

1.980 

23 

4. 66 

6.2 

V.  g.- 

.902 

1.754 

e. 

.592 

.710 

.809 

.868 

.885 

.948 

.979 

.980 

.980 

.980 

1.905 

1.099 

.821 

1.927 

P.  m.  24 

9. 02 

11.2 

e.— 

.824 

1. 850 

V.  g.- 

.543 

.600 

.736 

.787 

.826 

.910 

.949 

.954 

.955 

.948 

1.992 

1.099 

.750 

2.033 

P.  m.  25 

8.50 

11.1 

g-+ 

.881 

1.711 

V.  g.+ 

.566 

.718 

.784 

.849 

.875 

.938 

.948 

.962 

.967 

.982 

1.880 

1.122 

.785 

1.919 

26 

4.91 

V.  g. 

.883 

1.796 

e. 

.586 

.705 

.798 

.850 

.881 

.943 

.957 

.963 

.952 

.966 

1.932 

(1.  086) 

(.813) 

(1.950) 

27 

6.34 

..... 

e. 

.893 

1.735 

e. 

.608 

.701 

.805 

.864 

.879 

.938 

.951 

.950 

.957 

.982 

1.918 

(1. 115) 

(.801) 

(1.934) 

28 

7.24 

7.0 

V.  g. 

.904 

1.727 

V.  g. 

.593 

.682 

.814 

.845 

.893 

.954 

.982 

.994 

.987 

.989 

1.898 

1.106 

.817 

1.911 

29 

7. 13 

6.7 

e.~ 

.883 

1.777 

e. 

.603 

.700 

.789 

.845 

.885 

.945 

.958 

.975 

.976 

.955 

1.936 

1.097 

.805 

1.949 

30 

5.48 

2.6 

.869 

1. 776 

g. 

.624 

.730 

.785 

.855 

.851 

.913 

.936 

.948 

.907 

.929 

2. 060? 

2.071? 

July  l 

6.54 

6.3 

V.  g.- 

.908 

1.702 

g-+ 

.617 

.712 

.821 

.867 

.891 

.952 

.983 

.990 

.991 

.986 

1.874 

1.107 

.821 

1.885 

2 

6.  42 

8.3 

V.  g.+ 

.885 

1. 735 

e. 

.612 

.742 

.796 

.837 

.879 

.933 

.954 

.968 

.966 

.986 

1.896 

1.101 

.804 

1.911 

3 

5.30 

7.8 

e„  — 

.887 

1.735 

e. 

.641 

.744 

.801 

.862 

.875 

.934 

.960 

.976 

.962 

.955 

1.897 

1. 101 

.805 

1.911 

4 

6.14 

4.8 

V.  g.- 

.897 

1.792 

V.  g. 

.601 

.762 

.811 

.863 

.893 

.938 

.968 

.993 

.976 

.989 

1.929 

1.081 

.830 

1.938 

5 

6. 10 

3.2 

e. 

.906 

1.806 

V.  g. 

.637 

.750 

.803 

.861 

.902 

.951 

.980 

.989 

.984 

.986 

1.943 

1.079 

.840 

1.950 

6 

3.50 

10.4 

V.  g. 

.883 

1.723 

V.  g. 

.589 

.715 

.790 

.858 

u.  877 

.931 

.948 

.971 

.973 

.973 

1.907 

1.118 

.789 

1.926 

7 

6.20 

9.1 

e. 

.897 

1.700 

e. 

.631 

.752 

.822 

.874 

.900 

.945 

.962 

.975 

.971 

.968 

1.872 

1.111 

.807 

1.889 

8 

6.23 

7.2 

V.  g.+ 

.391 

1.750 

V.  g 

.664 

.750 

.806 

.863 

.885 

.942 

.955 

.959 

.982 

.986 

1.908 

1.098 

.812 

1.921 

9 

6.23 

9.6 

V.  g. 

.875 

1.792 

V.  g. 

.598 

.743 

.773 

.838 

.859 

.923 

.945 

.975 

.977 

.980 

1.965 

1.107 

.790 

1.983 

12 

6.94 

10.3 

e. 

.906 

1.691 

e.— 

.612 

.750 

.808 

.864 

.895 

.961 

.982 

.985 

.973 

.993 

1.882 

1.124 

.806 

1.901 

13 

7.52 

21.0 

e.— 

.877 

1.688 

V.  g. 

.562 

.738 

.787 

.848 

.879 

.928 

.962 

.975 

.979 

.975 

1.893 

1.144 

.766 

1.931 

19 

11.55 

25.7 

e. 

.865 

1.668 

g- 

.590 

.712 

.787 

.827 

.865 

.937 

.958 

.973 

.968 

.977 

1.845 

1.133 

.764 

1.890 

20 

11.96 

22.9 

e. 

.893 

1.621 

V.  g.- 

.600 

.785 

.819 

.887 

.912 

.958 

.970 

.968 

.984 

.989 

1.805 

1.138 

.785 

1.845 

24 

7. 13 

6.6 

e.— 

.897 

1.745 

V.  g. 

.600 

.750 

.804 

.863 

.908 

.945 

.957 

.968 

.965 

.980 

1.929 

1.112 

.806 

1.941 

30 

5.42 

4.4 

V.  g.+ 

.908 

1.791 

V.  g.+ 

.635 

.759 

.848 

.870 

.902 

.951 

.957 

.968 

.982 

.984 

1.958 

1.098 

.827 

1.966 

31 

5.79 

3.4 

g-+ 

.908 

1.758 

e. 

.631 

.753 

.843 

.893 

.912 

.962 

.987 

.991 

.992 

.995 

1.874 

1.070 

.848 

1.881 

Aug.  1 

5.21 

4.2 

e. 

.904 

1.774 

V.  g.- 

.589 

.741 

.801 

.853 

.879 

.941 

.957 

.970 

.981 

.970 

1.946 

1.100 

.822 

1.952 

2 

6.28 

5.9 

e.— 

.916 

1.714 

g-+ 

.670 

.778 

.822 

.876 

.925 

.969 

.975 

.981 

.991 

.984 

1.891 

1.110 

.824 

1.902 

3 

6.62 

5.6 

V.  g. 

.910 

1.740 

V.  g. 

.652 

.770 

.810 

.889 

.904 

.961 

.979 

.985 

.977 

.980 

1.904 

1.101 

.826 

1.915 

4 

8.04 

5.2 

g-+ 

.900 

1.785 

V.  g. 

.635 

.744 

.833 

.876 

.895 

.945 

.972 

.979 

.986 

.991 

1.923 

1.083 

.831 

1.933 

5 

8.93 

6.3 

e. 

.910 

1.734 

V.  g.- 

.656 

.770 

.831 

.887 

.904 

.957 

.980 

.985 

.979 

.995 

1.886 

1.094 

.832 

1.897 

6 

8.50 

4.4 

g- 

.904 

1.799 

g- 

.650 

.770 

.803 

.862 

.897 

.943 

.958 

.963 

.982 

.991 

1.952 

1.089 

.830 

1.960 

7 

6.58 

3.3 

p- 

.908 

1.822 

e. 

.640 

.766 

.839 

.888 

.908 

.962 

.985 

.986 

.982 

.984 

1.926 

1.060 

.856 

1.932 

8 

6.66 

6.6 

e.— 

.916 

1.706 

g.+ 

.631 

.738 

.822 

.881 

.910 

.963 

.989 

.996 

.993 

1.877 

1. 107 

.827 

1.889 

9 

3.90 

7.9 

e.+ 

.912 

1.720 

g.+ 

.635 

.757 

.843 

.885 

.910 

.969 

.983 

.991 

.982 

.968 

1.886 

1.105 

.825 

1.901 

10 

5.40 

3.4 

e.— 

.933 

1.773 

e.— 

.665 

.750 

.821 

.880 

.912 

.960 

.980 

.983 

.980 

.977 

1.921 

1.087 

.858 

1.927 

11 

4.20 

3.4 

e. 

.914 

1.779 

V.  g. 

.631 

.760 

.812 

.881 

.912 

.966 

.978 

.981 

.982 

.989 

1.928 

1.087 

.841 

1.934 

12 

3. 49 

2.4 

e.2 

.914 

1.805 

e. 

.650 

.740 

.848 

.894 

.906 

.961 

.975 

.976 

.960 

.977 

1.944 

1.080 

.846 

1.949 

13 

4.26 

4.2 

e„— 

.908 

1.771 

e. 

.650 

.764 

.832 

.874 

.900 

.956 

.973 

.991 

.976 

.953 

1.910 

1.083 

.838 

1.918 

14 

4.98 

4.9 

e. 

.912 

1.751 

e. 

.634 

.748 

.819 

.883 

.910 

.962 

.982 

.982 

.975 

.977 

1.916 

1.099 

.830 

1.925 

15 

2. 41 

4.1 

e.— 

.908 

1.786 

V.  g.- 

.635 

.720 

.791 

.857 

.906 

.972 

.978 

.986 

.988 

.986 

1.960 

1.100 

.825 

1.968 

16 

3.50 

5.9 

V.  g.+ 

.908 

1.768 

g- 

.614 

.748 

.821 

.876 

.904 

.950 

.966 

.975 

.987 

.986 

1.925 

1.095 

.829 

1.936 

17 

3. 17 

7.9 

V.  g. 

.904 

1.749 

V.  g.- 

.630 

.751 

.815 

.867 

.910 

.967 

.980 

.978 

.972 

.966 

1.912 

1.102 

.820 

1.927 

18 

4. 09 

(15.5) 

V.  g.+ 

.847 

1.765 

.565 

.627 

.722 

.808 

.855 

.913 

.939 

.960 

.970 

.927 

1.943 

1.117 

.758 

1.972 

19 

4.  88 

17.7 

e. 

.879 

1.715 

V.  g. 

.590 

.717 

.732 

.855 

.883 

.941 

.952 

.976 

.981 

.975 

1.930 

1.145 

.767 

1.963 

20 

1.96 

14.0 

V.  g.-f 

.883 

1.739 

g-+ 

.585 

.715 

.828 

.868 

.881 

.955 

.968 

.982 

.978 

.966 

1.913 

1.115 

.792 

1.939 

21 

2. 50 

11.2 

V.  g. 

.889 

1.766 

e. 

.631 

.743 

.829 

.843 

.902 

.957 

.977 

.974 

.975 

.925 

1.923 

1.101 

.807 

1.944 

22 

3. 40 

9.3 

e.— 

.906 

1.725 

V.  g. 

.641 

.762 

.837 

.895 

.920 

.959 

.968 

.963 

.963 

.980 

1.894 

1.108 

.817 

1.911 

23 

2.06 

6.7 

V.  g.- 

.902 

1.768 

V.  g. 

.605 

.720 

.843 

.875 

.904 

.961 

.973 

.981 

.984 

.989 

1.924 

1.096 

.823 

1.937 

27 

3.30 

4,0 

V.  g.- 

.914 

1.757 

V.  g. 

.650 

.768 

.840 

.891 

.906 

.955 

.973 

.977 

.970 

.977 

1.931 

1.103 

.829 

1.938 
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Table  36. — Solar-constant  values,  Mount  Wilson,  1911 — Continued. 


Date. 

Pressure  water  vapor. 

Precipitable  water. 

Pyrhelic  uietry. 

Bolometry. 

Solar  constant  E0. 

*‘°l  ° 
wk 

.2 

pH 

Atmospheric  transmission 

E  o 

Solar  constant  corrected  for 

water  vapor  E'0. 

<X> 

o3 

lx 

o 

Atmospheric  t  r  a  n  s- 
mission  a. 

Apparent  solar  con¬ 

stant  A0. 

Atmospheric  transmission  for  different  wave  lengths. 

© 

TJ 

03 

o 

n 

0.35 

o 

o 

V 

0.45 

V- 

0.50 

V- 

0.60 

V- 

0.70 

fi 

0.80 

V- 

1.00 

n 

1.20 

fi¬ 

lm 

mm. 

mm. 

Aug.  29 

4. 66 

8.0 

V.  g. 

0.906 

1.752 

e. 

0. 671 

0. 715 

0.844 

0.891 

0. 916 

0. 971 

0.976 

0.975 

0. 982 

0. 989 

1.902 

1.094 

.828 

1.917 

30 

4. 17 

5.3 

V.  g. 

.914 

1.726 

e.— 

.667 

.756 

.832 

.883 

.910 

.968 

.982 

.993 

.993 

.991 

1.879 

1.094 

.835 

1. 889 

31 

2.80 

5.2 

e.— 

.906 

1.750 

e. 

.624 

.735 

.820 

.892 

.912 

.958 

.982 

.990 

.969 

.993 

1.901 

1.092 

.830 

1.911 

Sept.  1 

3. 36 

7.0 

g.+ 

.857 

1.823 

v.  g.— 

.558 

.654 

.732 

.796 

S38 

.899 

.929 

.959 

.956 

.982 

1.999 

2. 012? 

2 

4.35 

3.3 

V.  g.+ 

.871 

1.877 

v.  g.— 

.596 

.703 

.814 

.866 

.906 

.937 

.947 

.943 

.941 

.977 

1.992 

1. 998? 

3 

6.06 

3.3 

g-+ 

.918 

1.735 

V.  g.+ 

.667 

.763 

.814 

.912 

.914 

.943 

.983 

.987 

.982 

.980 

1.882 

1.088 

.844 

1.888 

4 

6. 21 

4.6 

V.  g. 

.904 

1.750 

V.  g. 

.627 

.739 

.807 

.872 

.889 

.950 

.981 

.987 

.987 

.991 

1.900 

1.089 

.830 

1.906 

5 

6.25 

2.5 

V.  g. 

.916 

1.750 

e. 

.665 

.772 

.836 

.876 

.916 

.971 

.982 

.989 

.989 

.970 

1.912 

1.095 

.836 

1.917 

6 

6. 90 

2.5 

V.  g.+ 

.902 

1.822 

V.  g. 

.649 

.724 

.802 

.859 

.865 

.940 

.959 

.984 

.978 

.986 

1.964 

1.081 

.834 

1.960 

7 

5.58 

2.6 

g-+ 

.910? 

1.756 

V.  g. 

.638 

.710 

.823 

.866 

.895 

.947 

.971 

.972 

.973 

.984 

1.933 

1.104 

.824 

1.938 

8 

3.49 

1.6 

e. 

.910 

1.833 

e.— 

.600 

.743 

.815 

.844 

'*.900 

.950 

.977 

.990 

.978 

.989 

1.989 

1.087 

.837 

1.993 

9 

4.88 

6.6 

V.  g. 

.881 

1.832 

V.  g. 

.608 

.715 

.834 

.853 

.855 

.946 

.955 

.980 

.955 

.966 

1.936 

1.063 

.829 

1.948 

10 

4.67 

4.8 

e.— 

.912 

1.749 

e. 

.643 

.736 

.837 

.899 

.906 

.964 

.980 

.982 

.984 

.980 

1.899 

1.091 

.835 

1.908 

11 

4.27 

14.8 

V.  g. 

.897 

1.716 

V.  g. 

.619 

.757 

.840 

.920 

.904 

.967 

.990 

.980 

.987 

.984 

1.866 

1.102 

.814 

1.892 

12 

5. 13 

14.6 

e.— 

.895 

1.715 

e. 

.646 

.755 

.820 

.873 

.904 

.965 

.977 

.977 

.975 

.973 

1.894 

1.119 

.799 

1.920 

13 

6. 11 

11.8 

e.— 

.881 

1.820 

e. 

.575 

.740 

.808 

.871 

.891 

.950 

.965 

.964 

.952 

.929 

1.986 

1.103 

.798 

2.008 

14 

6.05 

8.2 

V.  g. 

.902 

1.754 

V.  g. 

.652 

.756 

.818 

.882 

.904 

.962 

.970 

.978 

.972 

.980 

1.904 

1.095 

.824 

1.920 

15 

6.19 

6.1 

V.  g. 

.908 

1.744 

V.  g. 

.646 

.765 

.833 

.890 

.912 

.957 

.969 

.975 

.978 

.982 

1.897 

1.094 

.830 

1.908 

16 

2.81 

3.2 

e. 

.914 

1.784 

g- 

.661 

.740 

.835 

.905 

.920 

.965 

.975 

.982 

.978 

.986 

1.920 

1.080 

.846 

1.926 

17 

3.30 

4.8 

V.  g. 

.904 

1.771 

V.  g.+ 

.640 

.756 

.822 

.875 

.885 

.954 

.960 

.975 

.965 

.980 

1.932 

1.096 

.825 

1.941 

18 

3.82 

4.2 

V.  g. 

.916 

1.758 

e.— 

.619 

.753 

.835 

.903 

.918 

.959 

.973 

.981 

.976 

.973 

1.902 

1.087 

.843 

1.910 

Oct.  1 

5.84 

3.8 

V.  g. 

.916 

1.761 

g- 

.634 

.747 

.827 

.881 

.902 

.963 

.977 

.991 

.991 

.989 

1.911 

1.089 

.841 

1.918 

2 

5.11 

3.2 

V.  g. 

.916 

1.740 

p-- 

.630 

.736 

.850 

.907 

.900 

.965 

.980 

.988 

.979 

.991 

1.873 

1.080 

.848 

1.879 

3 

3.98 

3.3 

e. 

.908 

1.767 

g- 

.664 

.746 

.835 

.879 

.904 

.955 

.971 

.969 

.967 

.957 

1.909 

1.083 

.838 

1.914 

4 

4. 77 

3.8 

e.— 

.912 

1.766 

V.  g.- 

.644 

.726 

.827 

.883 

.900 

.957 

.962 

.964 

.980 

.989 

1.918 

1.090 

.837 

1.925 

6 

4.20 

4.0 

e.  — 

.912 

1.771 

p- 

.662 

.745 

.835 

.883 

.910 

.948 

.966 

.966 

.984 

.980 

1.925 

1.087 

.839 

1.933 

7 

4.16 

3.6 

V.  g. 

.916 

1.756 

g- 

.612 

.761 

.819 

.886 

.920 

.969 

.982 

.989 

.991 

.984 

1.894 

1.086 

.843 

1.901 

8 

5.25 

8.3 

e.— 

.908 

1.707 

g- 

.592 

.749 

.839 

.889 

.908 

.954 

.962 

.976 

.974 

.995 

1.890 

1.116 

.814 

1.905 

9 

4.70 

4.8 

.914 

1.741 

g- 

.723 

.758 

.841 

.887 

.904 

.953 

.961 

.973 

.975 

.968 

1.918 

1.107 

.826 

1.927 

10 

2.35 

2.7 

g-+ 

.918 

1.772 

g- 

.655 

.723 

.827 

.878 

.902 

.954 

.978 

.997 

.997 

.986 

1.934 

1.094 

.839 

1.939 

11 

3.50 

5.6 

e. 

.908 

1.735 

g-+ 

.667 

.749 

.830 

.868 

.904 

.960 

.975 

.973 

.977 

.968 

1.898 

1.100 

.825 

1.909 

12 

3. 74 

5.0 

V.  g. 

.900 

1.803 

g-+ 

.632 

.721 

.835 

.875 

.895 

.941 

.965 

.971 

.960 

.970 

1.956 

1.090 

.826 

1.966 

13 

3.43 

3.6 

V.  g. 

.914 

1.753 

g-- 

.589 

.738 

.791 

.886 

.916 

.934 

.951 

.967 

.989 

.991 

1.976 

1.131 

.808 

1.983 

14 

3.02 

4.8 

e.— 

.910 

1.685 

g- 

.658 

.746 

.818 

.886 

.910 

.963 

.975 

.982 

.988 

.957 

1.912 

1.139 

.799 

1.920 

15 

4.23 

5.4 

V.  g. 

.908 

1.755 

g- 

.658 

.740 

.832 

.866 

.908 

.963 

.968 

.980 

.975 

.977 

1.891 

1.083 

.838 

1.901 

16 

2.89 

3.3 

V.  g.+ 

.914 

1.766 

g- 

.658 

.758 , 

.831 

.892 

.906 

.956 

.965 

.974 

.988 

.989 

1.916 

1.088 

.840 

1.922 

17 

3. 19 

3.2 

e.— 

.920 

1.721 

V.  g.- 

.658 

.708 

.844 

.888 

.910 

.955 

.977 

.983 

.987 

.977 

1.888 

1.100 

.836 

1.894 

20 

3.80 

5.6 

V.  g. 

.900 

1.765 

V.  g.- 

.581 

.730 

.805 

.854 

.885 

.947 

.965 

.979 

.973 

.980 

1.936 

1.104 

.815 

1.948 

22 

3.49 

2.8 

V.  g.- 

.923 

1.736 

g.- 

.661 

.752 

.830 

.877 

.914 

.968 

.984 

.995 

.990 

.980 

1.908 

1.102 

.838 

1.913 

cur. 

23 

2. 74 

3.5 

p- 

.912 

1.755 

g- 

.600 

.751 

.830 

.886 

.908 

.970 

.985 

.991 

1.000 

.982 

1. 881 

1.076 

.848 

1.888 

25 

5.80 

5.7 

V.  g.~ 

.906 

1.709 

g- 

.662 

.682 

.781 

.856 

.895 

.942 

.971 

.982 

.986 

.993 

1.850 

1.089 

.832 

1.861 

cur. 

29 

6. 78 

5.9 

V.  g.+ 

.910 

1.725 

g-- 

.628 

.738 

.833 

.889 

.914 

.957 

.968 

.982 

.980 

.982 

1.886 

1.100 

.827 

1.897 

31 

4.72 

5.3 

V.  g.+ 

.925 

1.692 

g- 

.617 

.744 

.831 

.870 

.923 

.971 

.987 

.994 

.887 

1.000 

1.867 

1.109 

.834 

1.877 

Nov.  1 

5.  44 

6.3 

V.  g.+ 

.912 

1. 680 

V.  g.- 

.583 

.767 

.815 

.864 

.904 

.961 

.989 

1.000 

.987 

.986 

1.864 

1.117 

.817 

1.876 

3 

3. 64 

2.8 

V.  g.+ 

.916 

1.753 

g- 

.622 

.725 

.820 

.875 

.910 

.962 

.973 

.986 

.978 

.993 

1.910 

1.092 

.840 

1.915 

4 

3.73 

5.6 

e. 

.914 

1.724 

V.  g.+ 

.647 

.731 

.819 

.876 

.906 

.965 

.982 

.988 

.980 

.977 

1.894 

1.104 

.828 

1.904 

5 

5.83 

5.4 

g- 

.927 

1.674 

V.  g. 

.634 

.758 

.833 

.892 

.910 

.971 

.988 

.999 

.994 

.993 

1.857 

1.115 

.831 

1.866 

6 

4. 82 

5.5 

v.  cur. 

.916 

1.716 

V.  g.- 

.664 

.745 

.831 

.867 

.902 

.953 

.987 

.993 

.995 

1.000 

1.914 

1.121 

.817 

1.924 

7 

4.11 

7.5 

e.— 

.938 

1.611 

V.  g. 

.665 

.729 

.846 

.901 

.931 

.976 

.991 

.989 

.991 

.986 

1.836 

1.148 

.817 

1.849 

14 

5.96 

8.0 

V.  g.- 

.904 

1.756 

V.  g. 

.643 

.760 

.826 

.858 

.900 

.951 

.975 

.981 

.964 

.986 

1.928 

1. 106 

.817 

1.943 

cur. 

15 

5.51 

8.2 

V.  g.+ 

.914 

1.691 

V.  g. 

.619 

.760 

.845 

.869 

.912 

.960 

.977 

.979 

.984 

.989 

1.881 

1.121 

.815 

1.896 

17 

5.32 

4.3 

e.2 

.927 

1.706 

V.  g. 

.646 

.767 

.841 

.886 

.925 

.964 

.984 

.990 

.980 

1.000 

1. 877 

1.105 

.839 

1.886 

18 

3.59 

2.6 

v.  g. 

.920 

1.769 

V.  g. 

.661 

.750 

.823 

.877 

.906 

.761 

.980 

.992 

.985 

.998 

1.944 

1. 102 

.835 

1.949 

19 

3.67 

2.7 

e. 

.925 

1.761 

V.  g. 

.656 

.750 

.840 

.882 

.910 

.953 

.980 

.986 

.989 

.986 

1.940 

1. 105 

.837 

1.945 

20 

4.12 

2.8 

V.  g.- 

.929 

1.743 

V.  g. 

.665 

.755 

.837 

.880 

.916 

.959 

.988 

.987 

.985 

.977 

1.914 

1.101 

.844 

1.919 

21 

4. 54 

3.4 

v.g. 

.925 

1.680 

V.  g. 

.635 

.723 

.827 

.878 

.912 

.957 

.973 

.989 

.986 

.995 

1.866 

1.114 

.830 

1.872 
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Table  37  contains  the  results  of  the  two  solar-constant  expeditions  of  1909  and 
1910  to  Mount  Whitney,  California.  The  table  is  in  similar  form  to  Tables  35  and 
36.  In  preliminary  publications  1  of  these  experiments  all  values  of  1910  were 
affected  by  an  unfortunate  error  in  determining  the  time  so  that  all  air  masses 
being  incorrect,  all  solar-constant  values  and  atmospheric  transmission  coefficients 
were  also  incorrect.  These  mistakes  are  here  corrected.  The  values  given  in 
Chapter  V  and  in  the  reprint  of  the  paper  on  the  form  of  the  sun’s  energy  spectrum 
curve  found  in  the  Appendix  are  also  corrected. 


Table  37. — Solar-constant  values,  Mount  Whitney,  California.2 


Date. 

Pressure  water  vapor. 

Precipitable  water. 

Pyrheliometry. 

Bolometry. 

Solar  constant  Eo. 

-°l  ® 

wk 

o 

'<3 

P? 

Amospheric  transmission  "2? 

JE  o 

“Solar  constant”  corrected 

for  zero  water  vapor. 

Grade. 

Apparent  atmospheric  | 

transmission  a . 

Apparent  solar  con¬ 
stant  A0. 

Atmospheric  transmission  for  different  wave  lengths. 

Grade. 

V- 

0.35 

0.40 

V 

0.45 

V 

0.50 

0.60 

V 

0.70 

V 

0.80 

V 

1.00 

n 

1.20 

V 

1.60 

1909. 

mm. 

mm. 

Sept.  3 

1.97 

(0.90) 

v.g. 

0.927 

1.826 

v.  g. 

0.722 

0.814 

0.869 

0.905 

0.938 

0.965 

0.979 

0.989 

0.980 

0.948 

1.947 

1.068 

0.868 

1.951 

1910. 

Aug.  12 

2.80 

.94 

v.  g. 

.931 

1.799 

v.g. 

.718 

.830 

.855 

.906 

.942 

.956 

.966 

.964 

.932 

.969 

1.886 

1.051 

.886 

1.890 

13 

2.19 

.77 

v.  g. 

.940 

1.780 

v.  g.+ 

.731 

.781 

.882 

.944 

.938 

.967 

.980 

.982 

.980 

.992 

1.850 

1.041 

.904 

1.854 

14 

2.05 

.60 

e . 

.942 

1.761 

v.g. 

.699 

.814 

.884 

.923 

.940 

.964 

.975 

.975 

.980 

.982 

1.881 

1.070 

.880 

1.885 

1  Report  of  the  Smithsonian  Institution  1911;  Astrophysical  Journal,  vol.  33,  191, 1911;  also  vol.  34,  197,  1911;  Proc.  Am.  Phil.  Soc.,  vol.  50, 
235, 1911;  Science  Conspectus,  vol.  2,  134,  1912;  Smithsonian  Physical  Tables,  5  ed.,  179, 1910;  Abbot’s  “The  Sun,”  pp.  296,  297,  298  (Appleton’s, 
1911);  Pub.  Astrophy.  Obs.  zu  Potsdam,  Nr.  64,  76,  1912.  Phil.  Tran.  Roy.  Soc.  of  London,  Ser.  A.,  vol.  212,  p.  375,  1912. 

2  See  note  under  Table  31.  If  we  adopt  the  value  0.3703  for  the  constant  of  Pyrheliometer  A.  P.  O.  9,  as  there  preferred,  the  values  in 
columns  6, 18,  and  21  of  Aug.  12, 13,  and  14, 1910,  here  given,  should  be  increased  in  the  ratio  1.020. 


Chapter  V. 


APPLICATIONS  OF  THE  SOLAR-CONSTANT  MEASUREMENTS. 

1.  THE  VARIABILITY  OF  THE  SUN. 

(a)  GENERAL  SUMMARY  OF  THE  EVIDENCE. 

In  1902  measurements  adapted  to  determine  the  “ solar  constant  of  radiation” 
were  begun  at  the  Astrophysical  Observatory  in  Washington.  The  results  obtained 
in  1903  led  to  the  suspicion  that  this  quantity  is  not  really  invariable,  but  is  subject 
to  fluctuations  sometimes  as  great  as  10  per  cent.  In  other  words,  the  results 
indicated  that  the  sun  is  a  variable  star,  of  irregular  periodicity  and  range.  It 
is  well  known  that  there  are  many  variable  stars  in  the  heavens, .and  some  of 
them,  of  which  Mira  is  an  example,  are  irregularly  variable. 

Owing  to  cloudiness  and  smoke,  as  well  as  to  its  low  altitude,  Washington 
is  not  a  suitable  station  for  testing  this  matter,  and  hence,  in  1905,  by  invitation 
of  Director  Hale  of  the  Mount  Wilson  Solar  Observatory,  a  temporary  station 
was  established  on  Mount  Wilson.  Volume  II  of  the  Annals,  published  in  1908, 
gives  an  account  of  the  work  done  at  Washington  and  Mount  Wilson,  including 
the  year  1907.  In  order  to  understand  the  attack  on  the  problem  of  solar  varia¬ 
bility  the  reader  should  consult  the  Annals,  Volume  II,  Part  I,  and  particularly 
pages  13-57  and  83-116  for  a  description  of  the  methods  and  apparatus  employed 
in  the  research,  and  the  discussion  of  the  sources  of  error,  occupying  pages  58-82. 

In  1908  a  small  plot  of  ground  on  Mount  Wilson  was  leased  by  the  Smith¬ 
sonian  Institution  and  a  permanent  observing  station  erected.  Experiments 
were  continued  there  in  the  years  1908  to  1912,  and  although  improvements 
were  made  every  year  in  methods  or  apparatus,  or  in  both,  so  that  the  results 
became  continually  more  weighty  and  less  subject  to  accidental  errors,  they 
continued  to  indicate  an  irregular  variability  of  the  sun.  But  as  we  can  not 
observe  above  the  atmosphere,  and  as  a  large  factor  in  the  solar-constant  deter¬ 
minations  is  our  estimate  of  the  losses  of  the  solar  beam  in  passing  through  the 
atmosphere,  confidence  in  our  mean  value  of  the  solar  constant  and  in  our  con¬ 
clusion  of  the  solar  variability  can  not  be  great,  unless  very  strong  evidence  is 
produced  that  our  estimate  of  the  atmospheric  losses  is  a  true  one. 

It  was  shown  in  the  discussion  of  the  method  and  its  sources  of  error,  as 
given  in  the  Annals,  Volume  II,  that,  if  the  atmosphere  in  the  neighborhood  of 
the  observer  remains  of  uniform  transparency  during  the  three  hours  generally 
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required  for  a  solar-constant  observation,  no  theoretical  objection  seems  to  con¬ 
travene  the  substantial  accuracy  of  the  estimate  of  atmospheric  losses.  It  was 
further  shown  that  the  mean  of  44  determinations  at  sea  level  (Washington) 
differed  only  2  per  cent 1  (and  was  in  fact  by  so  much  in  excess)  from  the  mean 
of  121  determinations  at  1,750  meters  (5,740  feet)  altitude  (Mount  Wilson).  It 
was  still  further  shown  that  in  7  cases,  when  on  the  same  or  adjacent  days,  deter¬ 
minations  marked  “good”  or  better  were  made  at  both  Washington  and  Mount 
Wilson,  the  Washington  values  were  on  the  average  3.6  per  cent  higher,1  with 
an  accidental  deviation  of  only  1.5  per  cent,1  after  allowing  for  the  above  stated 
average  difference.  As  the  conditions  at  Washington  are  less  favorable  to  exact 
determinations  than  those  on  Mount  Wilson,  it  was  thought  that  the  agreement, 
both  on  the  selected  days  and  of  the  general  mean  values,  was  quite  as  good  as 
could  be  expected,  and  might  be  regarded  as  strongly  supporting  the  soundness 
of  the  method  of  estimating  the  atmospheric  losses. 

Notwithstanding  the  confirmation  of  the  accuracy  of  the  work  afforded  by 
theory,  and  by  the  comparison  of  results  at  Washington  and  Mount  Wilson, 
further  confirmation  seemed  necessary,  especially  in  support  of  the  conclusion  of 
the  sun’s  variability.  First  the  question  was  to  be  answered  whether  results 
obtained  at  a  very  high  station  would  agree  with  those  obtained  simultaneously 
at  Mount  Wilson.  To  settle  this  question,  three  expeditions  (the  first  in  1908) 
were  made  by  Mr.  Abbot  to  Mount  Whitney,  California,  where  in  1909  and  1910 
he  made  complete  solar-constant  determinations  with  the  spectrobolometer  and 
pyrheliometer,  at  an  altitude  of  4,420  meters  (14,502  feet),  on  four  days  when 
similar  observations  were  being  made  at  Mount  Wilson  at  an  altitude  of  1,727 
meters  (5,665  feet).  The  greatest  difference  found  between  the  simultaneous 
determinations  of  the  solar  constant  from  Mount  Whitney  and  Mount  Wilson 
observations  is  3  per  cent,  and  the  Mount  Whitney  results  are  on  the  average 
1.9  per  cent  below  those  obtained  on  Mount  Wilson.  These  small  differences 
seem  to  be  within  the  probable  experimental  error,  for  the  bolometric  apparatus 
employed  on  Mount  Whitney  was  in  need  of  many  minor  improvements.  The 
results  strongly  confirm  a  belief  in  the  soundness  of  the  work  and  its  accuracy.2 
In  short  we  may  conclude  that  if  our  observations  are  conducted  on  apparently 
excellent  days  it  makes  no  difference  whether  they  are  made  at  sea  level,  at  1,730 
meters,  or  at  4,420  meters  elevation.  They  will  yield  solar-constant  values  inde- 

1  These  values  are  subject  to  slight  change  owing  to  the  introduction  of  corrections  for  residual  water- vapor  error. 

2  The  preliminary  publication  of  the  results  of  the  Mount  Whitney  expedition  of  1910  contained  a  small  error  of 
time  determination.  It  has  also  since  been  found  that  a  small  change  of  Mount  Wilson  values  must  be  made  to 
allow  for  a  slight  influence  of  water  vapor,  for  which  we  now  correct.  There  is  also  an  alteration  of  Mount  Wilson  and 
Mount  Whitney  results  to  reduce  them  to  the  standard  scale  of  pyrheliomentry.  All  these  changes  are  now  made, 
but  the  last  is  unfortunately  doubtful  in  the  case  of  the  Mount  Whitney  observations  of  1910,  as  indicated  in  the 
footnote  to  Table  31.  If  the  most  probable  values  are  used  the  mean  difference  between  Mount  Wilson  and  Mount 
Whitney  values  of  1910  becomes  0.8  per  cent. 
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pendent  of  the  altitude,  and  presumably  such  as  would  be  obtained  if  we  could 
observe  outside  the  atmosphere  altogether. 

The  solar-constant  observations  at  Mount  Wilson  in  the  years  1905  and  1906 
had  seemed  to  indicate  a  fluctuation  of  the  solar  radiation,  having  an  irregular 
period  of  7  to  10  days,  and  of  an  irregular  range  of  2  to  8  per  cent.  In  later  years, 
by  neglecting  other  investigations  so  as  to  obtain  daily  observations  of  the  solar 
constant  whenever  the  weather  permitted,  this  conclusion  was  greatly  strengthened. 
The  solar-constant  values  were  found  to  progress  in  a  well-ordered  march  from  day 
to  day,  and  not  to  go  irregularly  from  a  low  to  a  high  value,  or  vice  versa,  as  they 
would  have  done  if  the  fluctuation  had  been  due  to  accidental  experimental  error. 
But  in  spite  of  the  strong  confirmation  of  the  accuracy  of  the  estimate  of  atmos¬ 
pheric  losses  afforded  by  the  observations  at  different  altitudes,  and  the  proof 
afforded  by  the  step-by-step  march  of  the  determinations  that  the  observed  fluctua¬ 
tions  were  not  due  principally  to  accidental  error,  it  was  felt  that  certainty  of  the 
solar  variability  could  come  only  if  it  should  appear  that  an  independent  series  of 
observations  made  at  a  remote  paft  of  the  earth  confirmed  the  Mount  Wilson 
conclusions. 

In  1911  means  became  available  to  test  this.  Mr.  Abbot,  assisted  by  Prof. 
F.  P.  Brackett  of  Pomona  College,  California,  occupied  from  August  to  November 
a  station  at  Bassour,  Algeria,  at  an  altitude  of  1,160  meters  (3,806  feet),  while  Mr. 
Aldrich  occupied  the  Mount  Wilson  station.  Solar-constant  measurements  were 
made  at  Bassour  on  44  days,  on  29  of  which  (among  many  others)  observations 
were  also  made  on  Mount  Wilson.  In  1912  Mr.  Abbot,  assisted  by  Mr.  Anders 
Knutson  Angstrom,  of  Upsala,  Sweden,  reoccupied  the  Bassour  station  from  June 
to  September,  while  Mr.  Fowle  occupied  Mount  Wilson.  Measurements  of  the 
solar  constant  were  secured  on  64  days  at  Bassour,  and  on  48  of  these  days  observa¬ 
tions  were  also  made  at  Mount  Wilson.1  These  duplicate  series  of  observations  confirm 
the  supposed  variability  of  the  sun.  When  high  solar-constant  values  are  obtained  at 
Bassour,  high  values  are  found  at  Mount  Wilson,  and  vice  versa. 

Nearly  one- third  of  the  earth’s  circumference  lies  between  Bassour  and  Mount 
Wilson.  It  seems  impossible  that  the  parallel  fluctuation  of  solar-constant  values 
just  mentioned  can  be  due  to  meteorological  influences  common  to  the  two  stations. 
The  cause  must  lie  outside  our  atmosphere.  It  might  be  ascribed  to  meteoric 
swarms,  or  to  irregularities  of  the  outlying  solar  envelopes,  offering  varying  hindrance 
to  the  passage  of  rays  from  the  sun  to  the  earth.  Inasmuch  as  there  exist  in  the 
heavens  many  other  stars  affected  by  irregular  variability  of  radiation,  it  seems 
most  reasonable  to  conclude  that  the  sun  is  a  variable  star,  but  whether  shining  with 
variable  radiance  in  different  directions  at  the  same  time  or  with  equal  radiance  in 
all  directions  at  a  given  time,  but  varying  from  time  to  time  in  total  emission,  our 

1  Two  of  these  days  proved  too  poor  to  reduce  at  Mount  Wilson. 
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solar-constant  observations  alone  do  not  enable  us  to  decide.  This  question  might 
perhaps  be  settled  by  photometric  comparisons  of  the  planets  with  the  stars,  but 
considerable  difficulties  may  be  expected  to  attend  such  a  research.  Results  to  be 
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given  below,  and  others  in  Chapter  VII,  seem  to  confirm  the  belief  that  the  variation 
is  really  in  the  sun  and  not  caused  by  the  obstruction  of  solar  rays  by  meteoric 
matter. 
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(6)  THE  EVIDENCE  IN  DETAIL,  AND  THE  MARCH  OF  THE  SOLAR  VARIATION. 

Figures  9,  10,  11,  12,  13,  and  14  give  the  solar-constant  values  secured  on 
Mount  Wilson  from  1905  to  1911.  The  irregular  fluctuations  shown  at  Mount 
Wilson  indicate  on  their  face  a  range  of  solar-constant  values  from  about  1.8  to 

MAY  JUNE  JULV:  AUG-  SEPT.  OCT  NOV. 
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2.0  calories.  No  regular  periodicity  seems  to  appear,  but  the  values  often  range 
from  low  to  high  and  return  within  7  to  10  days.  The  range  frequently  reaches 
5  per  cent. 
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In  Tables  38,  39,  40,  and  41  may  be  found  all  days  of  solar-constant  observa¬ 
tions  of  1911  and  1912  which  were  common  to  both  Mount  Wilson  and  Bassour,  in 
which  results  worth  reducing  were  secured.  Numerical  results  are  included  in 

MAY  JUNE  JULY  AUG.  SEPT.  OCT.  NOV. 
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Tables  38  and  40  and  notes  on  conditions  of  sky  and  apparatus  in  Tables  39  and  41. 
Referring  to  Table  38,  column  2  gives  the  average  pressure  of  water  vapor  prevailing 
during  the  observations;  column  3  gives  the  quantity  of  precipitable  water  in  a 
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vertical  column  of  the  atmosphere  reaching  from  the  observer  to  free  space;  column 
4  gives  the  apparent  atmospheric  transmission  coefficient  from  pyrheliometry  alone; 
column  5  gives  the  apparent  solar  constant  from  pyrheliometry  alone,  determined 
according  to  the  method  of  Pouillet;  columns  6,  7,  8,  and  9  give  the  numbers  of 
wave  lengths  at  which  “poor,”  “good,”  “very  good,”  and  “excellent”  determina¬ 
tions  of  the  atmospheric  transmission  were  made  from  bolographs  of  the  solar 
spectrum;  column  10  gives  the  solar  constant  from  combined  pyrheliometry  and 
bolometry,  computed  according  to  the  method  of  Langley,  as  explained  in  Chapter  I ; 
column  11  gives  the  values  of  column  10  corrected  by  the  second  method,  as  indicated 
in  Chapter  III,  with  reference  to  the  quantity  of  water  vapor  in  the  atmosphere 
measured  in  terms  of  precipitable  water; 1  columns  12,  13,  14,  15,  16,  17,  18,  19,  20, 
and  21  give  similar  data,  respectively,  for  Bassour.  Table  40  is  similar  to  Table  38. 

The  preliminary  report  of  the  work  of  1911  was  found  to  contain  some  errors 
which  have  now  been  removed.  Unfortunately  these  corrections  have  led  in  almost 
every  case  to  a  less  perfect  agreement  than  at  first  appeared.  Much  bad  sky  was 
encountered  in  1911,  and  the  apparatus  at  Bassour  was  not  in  nearly  as  good  condi¬ 
tion  then  as  in  1912.  Almost  the  whole  weight  of  the  comparison  rests  upon  the 
work  of  1912. 

1  As  the  solar-constant  observations  of  1912  have  been  reduced  only  so  far  as  observations  were  made  on  the  same 
days  at  both  Mount  Wilson  and  Bassour,  the  number  of  days  available  to  determine  a  secondary  water-vapor  correcting 
factor  for  Bassour  is  as  yet  too  small  to  render  such  a  determination  desirable.  Accordingly,  in  reducing  the  Bassour 
observations  to  constant  water-vapor  conditions,  the  factor  determined  for  Mount  Wilson  from  the  whole  year’s  observa¬ 
tions  of  1911  has  been  employed.  As  indicated  in  Chapter  III,  we  feel  some  doubt  as  to  the  applicability  of  the  sec¬ 
ondary  water-vapor  corrections  to  individual  days,  although  convinced  of  their  applicability  to  the  results  in  general. 
Hence,  in  order  to  reduce  as  much  as  possible  the  magnitudes  of  these  somewhat  uncertain  water-vapor  corrections, 
we  have  reduced  the  Mount  Wilson  results  to  a  mean  constant  quantity  (7  mm.)  of  precipitable  water,  and  the  Bassour 
results  to  a  different  mean  constant  quantity  (14  mm.),  chosen  in  each  case  to  represent  the  mean  conditions  of  1912. 
If  it  is  desired  to  reduce  still  further  the  mean  results  to  a  condition  of  zero  water  vapor,  we  should  add  0.013  calorie 
to  the  mean  values  of  Mount  Wilson  and  probably  0.026  calorie  to  those  of  Bassour. 
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Table  38. — Comparison  of  solar-constant  results,  1911. 


Mount  Wilson  work. 

Bassour  work. 

Date. 

Pyrheliometry. 

Bolometry. 
Grading  of  loga¬ 
rithmic  plots. 

Solar  con¬ 
stant. 

Pyrheliometry. 

Bolometry. 
Grading  of  loga- 
rithmetic  plots. 

Solar  con¬ 
stant. 

Pres¬ 

sure 

water 

vapor. 

Precip- 

itable 

water. 

Appar¬ 

ent 

atmos¬ 
pheric 
trans¬ 
mis¬ 
sion  a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

A.o 

P- 

g. 

v.g. 

e. 

Pre¬ 

limi¬ 

nary 

Eo 

Cor¬ 

rected 

E'o 

Pres¬ 

sure 

water 

vapor. 

Precip- 

itable 

water. 

Appar¬ 
ent 
atmos¬ 
pheric 
trans¬ 
mis¬ 
sion  a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

A.o 

P- 

g- 

v.g. 

e. 

Pre¬ 

limi¬ 

nary. 

Eo 

Cor¬ 

rected. 

E'o 

Aug.  27 1 

mm. 

3.30 

mm. 

4.0 

0.914 

1.757 

0 

1 

21 

16 

1.931 

1.925 

mm. 

9.42 

mm. 

19.2 

0.832 

1.649 

15 

2 

3 

12 

1.859 

1.868 

29 

4.66 

8.0 

.906 

1.751 

1 

9 

8 

20 

1.902 

1.904 

9.30 

14.0 

.803 

1.735 

5 

9 

20 

6 

1.749 

1.949 

30 

4.17 

5.3 

.914 

1.726 

0 

3 

12 

22 

1.879 

1.876 

4.48 

7.7 

.891 

1.679 

3 

2 

15 

18 

1.924 

1.911 

31 

2.80 

5.2 

.906 

1.749 

0 

4 

11 

23 

1.900 

1.898 

8.36 

12.6 

.853 

1.705 

11 

5 

18 

3 

1.919 

1.917 

Sept.  1 2 

3.36 

7.0 

.857 

1.822 

3 

2 

17 

16 

1.999 

1.999 

7.17 

12.2 

.867 

1.670 

1 

13 

13 

10 

1.903 

1.899 

22 

4.35 

3.3 

.871 

1.877 

2 

5 

18 

11 

1.990 

1.983 

7.25 

12.1 

.840 

1.720 

2 

6 

17 

15 

1.907 

1.903 

3 

5.06 

3.3 

.918 

1.735 

0 

3 

19 

16 

1.882 

1.875 

8.43 

7.6 

.883 

1.695 

5 

7 

16 

10 

1.939 

1.927 

4 

6.21 

4.6 

.904 

1.750 

0 

5 

21 

12 

1.900 

1.896 

9.95 

15.3 

.863 

1.646 

2 

8 

12 

19 

1.876 

1.879 

7 

5.58 

2.6 

.910 

1.755 

1 

2 

22 

13 

1.933 

1.925 

10.93 

13.4 

.841 

1.720 

3 

5 

19 

13 

1.890 

1.888 

8i 

3.49 

1.6 

.910 

1.831 

0 

1 

14 

23 

1.989 

1.979 

8.24 

10.3 

.877 

1.703 

13 

12 

11 

3 

2.073 

2.067 

79 

4.88 

6.6 

.881 

1.832 

5 

7 

18 

8 

1.936 

1.936 

9.62 

13.0 

.828 

1.734 

8 

17 

10 

4 

1.985 

1.983 

10 

4.67 

4.8 

.912 

1.749 

0 

1 

17 

20 

1.899 

1.895 

6.20 

9.4 

.875 

1.701 

5 

3 

11 

18 

1.834 

1.825 

122 

5.13 

14.6 

.895 

1.715 

0 

0 

19 

19 

1.894 

1.907 

10.20 

14.9 

.832 

1.688 

16 

6 

9 

7 

1.877 

1.879 

713 

6.11 

11.8 

.881 

1.822 

1 

8 

10 

19 

1.986 

1.994 

6.32 

9.9 

.820 

1.683 

10 

10 

15 

5 

1.868 

1.860 

714 

6.05 

8.2 

.902 

1.753 

1 

5 

22 

10 

1.904 

1.906 

9.96 

14.1 

.841 

1.614 

5 

10 

19 

5 

1.837 

1.837 

15 

6.19 

6.1 

.908 

1.744 

4 

3 

14 

17 

1.897 

1.895 

8.48 

10.3 

.822 

1.658 

4 

15 

10 

10 

1.856 

1.850 

182 

3.82 

4.2 

.916 

1.757 

0 

2 

19 

17 

1.902 

1.897 

7.49 

14.4 

.791 

1.770 

5 

3 

9 

24 

2.057 

2.057 

Oct.  I2 

5.84 

3.8 

.916 

1.760 

4 

13 

10 

11 

1.911 

1.905 

7.04 

8.0 

.875 

1.737 

10 

19 

10 

2 

1.888 

1.877 

3 

3.98 

3.3 

.908 

1.766 

5 

12 

12 

9 

1.908 

1.901 

5.78 

10.2 

.891 

1.638 

1 

12 

13 

15 

1.834 

1.829 

4 2 

4.77 

3.8 

.912 

1.766 

5 

10 

16 

6 

1.918 

1.912 

6.01 

7.0 

.877 

1.716 

10 

19 

7 

5 

1.903 

1.890 

10> 

2.35 

2.7 

.918 

1.771 

7 

10 

12 

9 

1.934 

1.926 

8.52 

13.2 

.865 

1.643 

12 

21 

6 

2 

1.849 

1.847 

14i 

3.02 

4.8 

.910 

1.685 

4 

21 

6 

7 

1.911 

1.907 

7.49 

8.5 

.900 

1.670 

4 

17 

14 

5 

1.892 

1.883 

720 

3.80 

5.6 

.900 

1.765 

0 

11 

14 

13 

1.937 

1.935 

8.05 

9.7 

.893 

1.678 

7 

11 

14 

9 

1.909 

1.902 

23 

2.74 

3.5 

.912 

1.755 

4 

5 

20 

8 

1.881 

1.875 

6.93 

9.3 

.895 

1.715 

5 

15 

13 

8 

1.888 

1.880 

Nov.  4 1 

3.73 

5.6 

.914 

1.724 

0 

16 

8 

14 

1.893 

1.890 

7.91 

9.2 

.889 

1.689 

18 

13 

7 

3 

2.019 

2.010 

5 

5.83 

5.4 

.927 

1.674 

2 

14 

11 

11 

1.856 

1.853 

7. 19 

6.7 

.900 

1.657 

5 

20 

14 

2 

1.879 

1.866 

6 

4.82 

5.5 

.916 

1.716 

2 

17 

9 

10 

1.914 

1.911 

6.87 

7.3 

.908 

1.650 

4 

13 

9 

15 

1.900 

1.887 

7 

4.11 

7.5 

.938 

1.611 

0 

9 

16 

13 

1.836 

1.836 

8.02 

7.5 

.897 

1.679 

1 

14 

14 

12 

1.878 

1.867 

17 

5.32 

4.3 

.927 

1.706 

3 

16 

10 

9 

1.878 

1.873 

8.80 

4.4 

.920 

1.641 

1 

22 

7 

11 

1.880 

1.863 

1  Day  rejected  for  bad  bolometry  at  one  or  both  stations.  2  Day  rejected  for  bad  sky  at  one  or  both  stations. 
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Table  39.—  Comparison  of  conditions  of  observation ,  1911. 


Date. 

Mount  Wilson  work. 

Bassour  work. 

Sky  conditions. 

Grades. 

Sky  conditions. 

Grades. 

Sky. 

Pyrhe- 

liom- 

etry. 

Bolom¬ 

etry. 

As  a 
whole. 

Sky. 

Pyrhe- 

liom- 

etry. 

Bolom¬ 

etry. 

As  a 
whole. 

Aug.  271 

Smoky  in  west;  otherwise 

v.  g. 

v.  g.- 

v.  g. 

v.  g. 

Small  cumuli;  apparatus 

P- 

v.  g. 

P- 

P- 

good. 

bad. 

29 

V.  g. 

V.  g. 

e. 

V.g.  + 

Milky . 

V.g. 

e. 

v.  g. 

v.  g.+ 

30 

Excellent. . . 

e. 

V.  g. 

e. 

v.g.+ 

Extremely  clear . 

e.+ 

7 

e. 

e„— 

31 

Smoke  and  cirri  south  and 

V.  g. 

e. — 

e. 

V.g.+ 

Clear . 

e. 

e. 

v.g.- 

V.  g. 

west;  otherwise  good. 

Sept.  D 

Thick  cirri  south  and  west; 

p- 

V.  g.7 

V.  g. 

p- 

Clear . 

e. 

V.  g. 

V.  g. 

v.g.+ 

very  milky;  variable. 

22 

Cirri  east;  belated  start; 

p- 

v.  g.7 

V.g.- 

p- 

Cirri;  sometimes  near  sun. 

g-T 

e.— 

V.  g. 

V.  g. 

variable. 

3 

Milky;  windy . 

v.  g. 

g.+ 

V.  g. 

v.g.— 

Excellent . 

e. 

e. 

v.  g. 

e.— 

4 

Milky . 

V.  g.+ 

v.g. 

V.  g. 

V.  g. 

Cirri  distant;  cumuli  at 

g. 

e.— 

e. 

V.  g. 

times. 

7 

Faint  cirri  low  south;  milky . 

V.  g. 

g-+ 

V.  g. 

V.  g. 

Slight  haze;  high  wind .... 

V.  g. 

e. 

V.  g. 

v.g.-f- 

8i 

Excellent . 

e. 

e. 

e. 

e. 

Sirocco  wind;  much  dust. . 

g- 

v.g.+ 

p- 

p- 

?9 

Excellent . 

e. 

v.  g. 

v.  g. 

v.g.+ 

Strong  wind . 

v.  g. 

e.— 

g. 

v.  g.— 

10 

Excellent . 

e. 

e.— 

e. 

e. 

Veryclearatstartandend; 

v.  g.7 

g. 

V.g.-t- 

v.g.- 

clouds  between. 

122 

Cirri  low  east;  otherwise  ex- 

V.  g. 

e.— 

V.  g. 

V.  g. 

Clouds  delayed  start;  high 

P- 

V.  g. 

p- 

p- 

cellent. 

wind. 

?13 

Thick  cirri  south  and  east, 

g .? 

e.— 

V.g.  + 

v.  g.7 

Very  high  wind;  much 

g. 

V.  g.— 

g. 

g. 

but  below  sun. 

dust. 

714 

Cirri  low  south  and  east. . . . 

V.  g. 

V.  g. 

v.g.  . 

v.  g. 

Clouds  delayed  start . 

g- 

p- 

V.  g. 

g. 

15 

Faint  streaks  east . . . 

v.  g.7 

g.7 

V.  g.+ 

v.  g.7 

Cumuli;  high  wind . 

g. 

e. 

g. 

g. 

18  2 

Cirri  low  in  south . 

V.  g. 

V.  g. 

v.g.+ 

V.  g. 

Hazy;  variable  sky . 

P. 

v.  g.— 

e.— 

p. 

Oct.  I2 

Excellent. . . 

V.  g. 

V.  go  — 

V.  g. 

Low  cirri  east;  hazy.  . . 

P. 

p. 

p. 

p. 

3 

Milky . 

V.  g. 

e. 

g„ 

v.  g. 

Fairly  clear;  cloudless . 

v.  g. 

V.  g.+ 

v.  g. 

v.  g. 

42 

Milky . 

V.g. 

e.— 

g. 

v.g.- 

Cirri  east  and  south;  hazy; 

p- 

p- 

p- 

p- 

windy. 

101 

Rather  hazy . 

V.  g. 

g.- 

g- 

g-+ 

Cumuli . 

p- 

P‘ 

p. 

p- 

141 

Cirri  south  and  east,  below 

g .? 

e.— 

p- 

p- 

Very  clear . 

e. 

V.g.- 

g. 

V.  g. 

sun. 

720 

Many  cirri  south  and  west. . 

v.  g.7 

V.  g. 

V.  g. 

v.  g.7 

Cirri  delayed  start;  cumuli . 

g.? 

e.— 

V.  g. 

g .? 

23 

Cirri  not  near  sun  till  in  end 

v.  g.7 

p- 

V.  g. 

v.  g.- 

Very  clear;  earthquake. . . . 

e. 

g.+ 

g. 

v.g.- 

stopped  series. 

N©v.  41 

Excellent . 

e. 

e 

V.  g. 

v.g.+ 

Cirri  early ,  then  very  clear; 

V.  g. 

e. 

p- 

g.- 

apparatus  bad. 

5 

Excellent.  3 » . . . . . 

e. 

g. 

v.  g.— 

v.  g.— 

Clear . 

e. 

v.  g. 

g. 

v.  g. 

6 

Cirri  low  south  and  east; 

V.  g. 

p- 

g- 

g- 

Clearest  sky  of  expedition. 

e.+ 

v.g.- 

v.g. 

V.  g. 

otherwise  excellent. 

7 

Cloudless  until  end,  then 

v.g. 

e.— 

v.g. 

V.  g. 

Clear.... . 

e. 

e. 

V.  g. 

v.g.+ 

cirri  from  west. 

17 

Milky . . 

V.g.+ 

e3. 

g- 

V.  g. 

Cirri  at  times  near  sun .... 

V.  g.7 

e2. 

g- 

V.g.- 

1  Day  rejected  for  bad  bolometry  at  one  or  both  stations. 


3  Day  rejected  for  bad  sky  at  one  or  both  stations. 
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Table  40. — Comparison  of  solar  constant  results,  1912. 


Mount  Wilson  work. 

Bassour  work. 

Date. 

Pyrheliometry. 

Bolometry. 
Grading  of  loga¬ 
rithmic  plats. 

Solar  constant. 

Pyrheliometry. 

Bolometry. 
Grading  of  loga¬ 
rithmic  plats. 

Solar  constant. 

Pres¬ 

sure 

water 

vapor. 

Pre- 

cipi- 

table 

water. 

Appar¬ 

ent 

atmos¬ 
pheric 
trans¬ 
mis¬ 
sion  a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

Ao. 

P- 

g. 

v.g. 

e. 

Pre¬ 

limi¬ 

nary 

Eo 

Cor¬ 

rected 

E'o 

Pres¬ 

sure 

water 

vapor. 

Pre- 

eipi- 

table 

water. 

Appar¬ 

ent 

atmos¬ 
pheric 
trans¬ 
mis¬ 
sion  a. 

Appar¬ 

ent 

solar 

con¬ 

stant 

Ao. 

P- 

g- 

v.g. 

e. 

Pre¬ 

limi¬ 

nary 

Eo 

Cor¬ 

rected 

E'o 

June  2 

mm . 

4.72 

mm. 

5.9 

0.887 

Cal. 

1.773 

2 

0 

15 

21 

Cal. 

1.952 

Cal. 

1.950 

mm. 

7. 09 

mm. 

15.6 

0.859 

Cal. 

1.700 

5 

6 

13 

13 

Cal. 

1.934 

Cal. 

1.937 

7 

3.43 

4.0 

.908 

1.766 

0 

2 

9 

27 

1.931 

1.926 

7.34 

17.0 

.849 

1.779 

6 

12 

18 

2 

1.943 

1.949 

8 

4. 13 

6.0 

.900 

1.746 

0 

2 

16 

20 

1.904 

1.902 

6.67 

12.8 

.904 

1.585 

0 

14 

13 

11 

1.852 

1.850 

9 

3.46 

5.9 

.897 

1.744 

0 

8 

14 

16 

1.902 

1.900 

6.94 

12.6 

.879 

1.702 

1 

7 

10 

20 

1.905 

1.903 

10 

5.74 

9.0 

.873 

1.755 

1 

12 

11 

14 

1.918 

1.922 

7. 12 

18.8 

.857 

1.708 

3 

16 

16 

2 

1.918 

1.927 

14i 

5.30 

6.2 

.906 

1.758 

2 

1 

21 

12 

1.914 

1.912 

7.54 

12.0 

.809 

1.761 

7 

3 

5 

22 

2.052 

2.048 

15 

3.75 

5.1 

.902 

1.800 

10 

8 

14 

5 

1.947 

1.943 

6.73 

11.2 

.885 

1.705 

3 

6 

17 

12 

1.929 

1.924 

16 

4.34 

6.7 

.883 

1.789 

2 

3 

17 

16 

1.937 

1.937 

8.18 

11.7 

.887 

1.710 

8 

8 

11 

10 

1.912 

1.908 

17 

3.53 

6.0 

.895 

1.771 

1 

4 

17 

16 

1.955 

1.953 

7.55 

13.4 

.900 

1.630 

5 

4 

19 

9 

1.848 

1.847 

18 

3.05 

4.1 

.906 

1.770 

0 

1 

14 

23 

1.921 

1.915 

7.48 

15.0 

.867 

1.675 

0 

23 

9 

4 

1.907 

1.909 

19 

3.99 

9.0 

.891 

1.772 

0 

1 

17 

20 

1.920 

1.924 

5.94 

9.8 

.881 

1.656 

0 

13 

14 

12 

1.858 

1.851 

20 

5.14 

6.0 

.900 

1.742 

4 

10 

14 

10 

1.914 

1.912 

6. 47 

11.7 

.851 

1.736 

2 

8 

16 

12 

1.916 

1.912 

27 

2.62 

8.0 

.895 

1.769 

0 

2 

23 

13 

1.917 

1.919 

6.82 

12.8 

.893 

1.672 

0 

2 

15 

19 

1.874 

1.872 

July  4 

2.38 

9.0 

.787 

1.789 

4 

5 

19 

10 

1.954 

1.957 

10.83 

19.7 

.761 

1.790 

3 

7 

11 

16 

1.938 

1.948 

5 

4.82 

6.7 

.867 

1.752 

0 

3 

20 

15 

1.939 

1.939 

4.30 

13.8 

.771 

4 

5 

17 

12 

1.969 

1.969 

6 

1.79 

8.6 

.822 

1.820 

12 

3 

13 

10 

2.042 

2.047 

8.44 

15.2 

.753 

1.736 

1 

3 

17 

16 

2.014 

2.016 

7 

4.73 

5.6 

.837 

1.774 

1 

5 

17 

14 

1.940 

1.938 

7. 92 

13.1 

.815 

1.760 

1 

10 

16 

11 

1.957 

1.955 

8 

4.81 

8.1 

.741 

1.728 

0 

1 

10 

27 

1.888 

1.890 

8.24 

15.9 

.804 

1.590 

7 

6 

10 

14 

1.845 

1.848 

9i 

5.87 

9.2 

.869 

1.734 

4 

14 

10 

10 

1.924 

1.928 

4.29 

13.5 

.809 

1.586 

8 

8 

17 

3 

1.848 

1.848 

Hi 

4.66 

15.2 

.834 

1.699 

3 

16 

7 

12 

1.839 

1.859 

8.46 

15.5 

.771 

1.627 

6 

10 

20 

2 

1.912 

1.915 

19 

10.76 

18.4 

.881 

1.730 

0 

3 

15 

19 

1.964 

1.985 

6.61 

12.8 

.766 

1.742 

1 

5 

16 

14 

1.980 

1.978 

20 

8.64 

11.9 

.940 

1.738 

5 

0 

15 

18 

1.928 

1.937 

7.20 

18.5 

.736 

1.637 

2 

13 

15 

8 

1.864 

1.872 

21 

2.82 

7.5 

.851 

1.681 

1 

4 

16 

17 

1.847 

1.847 

7.04 

11.9 

■•753 

1.662 

4 

1 

12 

21 

1.890 

1.886 

25 

3.81 

5.7 

.830 

1.772 

3 

15 

3 

16 

1.968 

1.966 

7.18 

13.8 

.743 

1.744 

2 

7 

14 

15 

2.003 

2.003 

26i 

2.31 

6.1 

.809 

1.741 

16 

0 

11 

10 

1.940 

1.938 

5.36 

11.9 

.762 

1.652 

4 

4 

11 

18 

1.919 

1.915 

27 

4.06 

6.0 

.832 

1.734 

5 

2 

17 

13 

1.901 

1.899 

8.84 

14.0 

.774 

1.838 

3 

8 

9 

16 

2.044 

2.044 

31i 

6. 49 

12.9 

.780 

1.647 

0 

5 

14 

19 

1.849 

1.859 

5.53 

10.9 

.640 

1.950 

0 

10 

7 

20 

2.248 

2.242 

Aug.  1 1 

4.24 

5.2 

.769 

1.743 

4 

21 

8 

3 

2.058 

2.055 

5.25 

10.7 

.818 

1.544 

5 

17 

13 

3 

1.815 

1.810 

2 

6. 44 

5.2 

.692 

1.573 

0 

0 

10 

28 

1.810 

1.807 

9.27 

16.2 

.736 

1.555 

3 

2 

11 

21 

1.827 

1.831 

3 

1.32 

3.8 

.791 

1.760 

0 

7 

8 

23 

1.938 

1.932 

7.68 

15.4 

.716 

1.698 

3 

4 

11 

20 

1.947 

1.950 

5 

3.58 

5.0 

.814 

1.734 

0 

3 

4 

30 

1.903 

1.899 

7.34 

13.7 

.759 

1.661 

2 

4 

16 

16 

1.880 

1.880 

6' 

3.98 

5.5 

.817 

1.726 

0 

4 

12 

22 

1.924 

1.922 

7.93 

16.0 

.750 

1.615 

8 

9 

14 

7 

1.809 

1.813 

7 

5.24 

7.3 

.813 

1.734 

1 

1 

6 

30 

1.954 

1.954 

6.74 

14.8 

.730 

1.746 

6 

10 

8 

14 

1.983 

1.985 

8i 

4.98 

7.1 

.817 

1.779 

0 

0 

14 

24 

1.967 

1.967 

7.82 

14.1 

.783 

8 

6 

15 

9 

1.810 

1.810 

11 

3.74 

7.2 

.828 

1.708 

0 

10 

18 

10 

1.923 

1.923 

5.01 

15.1 

.716 

1.671 

2 

9 

8 

19 

1.936 

1.938 

13 

3.58 

13.5 

.789 

1.744 

0 

4 

18 

16 

1.994 

2.006 

10.08 

11.8 

.791 

1.623 

5 

8 

8 

17 

1.964 

1.960 

14i 

4.33 

6.9 

.820 

1.742 

6 

11 

13 

7 

1.941 

1.941 

8.34 

13.0 

.789 

1.570 

0 

5 

13 

19 

1.804 

1.802 

21 

4.46 

7.3 

.809 

1.793 

5 

7 

15 

11 

1.986 

1.986 

11.33 

13.0 

.776 

1.708 

2 

5 

12 

19 

1.936 

1.934 

22 

7.32 

12.7 

.834 

1.748 

2 

10 

10 

14 

1.924 

1.934 

6. 18 

13.9 

.830 

1.620 

4 

5 

5 

22 

1.885 

1.885 

23 

2.98 

14.6 

.832 

1.664 

1 

8 

15 

14 

1.962 

1.976 

7.56 

13.9 

.813 

1.650 

3 

3 

13 

19 

1.877 

1.877 

25i 

4.80 

18.0 

.822 

1.585 

1 

18 

12 

7 

1.765 

1.782 

7.81 

15.2 

.780 

1.694 

6 

10 

7 

14 

1.930 

1.933 

261 

4.39 

16.2 

.813 

1.569 

15 

10 

9 

4 

1.855 

1.871 

4.66 

13.3 

.807 

1.758 

3 

6 

15 

14 

1.982 

1.981 

27 

3.18 

4.0 

.861 

1.669 

1 

11 

11 

14 

1.888 

1.882 

4.35 

14.1 

.817 

1.678 

1 

10 

10 

17 

1.845 

1.845 

28i 

2.06 

5.9 

.863 

1.709 

20 

15 

3 

0 

1.996 

1.994 

7. 92 

15.8 

.776 

1.526 

4 

9 

8 

17 

1.857 

1.860 

29i 

8.31 

7.4 

.845 

1.688 

16 

8 

4 

8 

1.896 

1.896 

7.75 

15.8 

.682 

1.642 

1 

3 

12 

22 

1.896 

1.899 

Sept.  51 

5.03 

5.0 

.771 

1.811 

2 

5 

10 

21 

2.014 

2.010 

6. 06 

11.0 

.807 

1.675 

4 

6 

10 

17 

1.826 

1.821 

1  Day  rejected  for  bad  sky  at  one  or  both  stations. 
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Table  41. — Comparison  of  conditions  of  observation,  1912. 


Date. 

Mount  Wilson  work. 

Bassour  work. 

Sky  conditions. 

Grades. 

Sky  conditions. 

Grades. 

Sky. 

Pyrhe- 

liom- 

etry. 

Bolom- 

etry. 

As  a 
whole. 

Sky. 

Pyrhe- 

liom- 

etry. 

Bolom- 

etry. 

As  a 
whole. 

June  2 

Clear,  calm . _ . 

e. 

v.  g. 

e. 

e. 

Milky;  cirri  at  middle  of 

g. 

v.g.- 

v.  g. 

v.  g.- 

run. 

7 

Cloudless;  milky.... . 

V.  g. 

e. 

e„ 

e. 

Clear;  windy;  started  late. 

e. 

e.+ 

g. 

v.  g.+ 

8 

Few  cirri  southeast;  cumuli 

V.  g.- 

e.— 

e.— 

v.g. 

Clear;  calm  at  start;  end 

V.  g.? 

e. 

g. 

v.  g.? 

near  at  end. 

early  in  clouds. 

9 

Few  cirri  low  in  east . 

V.  g. 

v.  g. 

v.  g. 

V.  go 

e. 

e. 

e. 

e. 

10 

Cirri  in  south  increasing; 

V.  g.— 

e.— 

g- 

V.  g. 

Cleared  mid  -  afternoon; 

V.  g. 

V.g. 

g- 

V.  g.- 

not  near  sun. 

short  series. 

141 

Clear..... . . . . 

e. 

V.  g. 

v.g. 

V.  g. 

Hazy,  some  cirri;  sky  va- 

p- 

p- 

V.  g. 

P- 

riable. 

15 

Clear . . . 

e. 

V.  g.+ 

g. 

g. 

Delayed  for  cirri ,  then  clear 

V.  g. 

g. 

V.  g. 

V.g.- 

16 

Milky . 

v.  g. 

V.  g.— 

V.  g. 

V.  g. 

v.g»+ 

V.  go 

V.  go 

17 

Clear,  calm . 

e. 

e. 

V.  g. 

e.— 

e. 

e. 

v.  g. 

V.  g.+ 

18 

Clear,  calm . 

e. 

e. 

e. 

e. 

g. 

e.— 

go 

g.+ 

19 

Clear,  calm . . . . 

e. 

e.— 

e. 

e. 

V olcanic  haze  first  appears. 

s-- 

V.  g. 

g- 

g. 

20 

Clear,  calm . 

6e 

e.~ 

g. 

v.  g. 

V.  go 

e. 

V.  go 

V.  go 

27 

Streaky  from  volcanic  dust. . 

g- 

e. 

V.  g. 

v.g. 

Fairly  clear . 

V.  g. 

e. 

e. 

e. 

July  4 

Much  haze . 

g. 

e.— 

v.  g. 

V.  go 

g. 

v.g.— 

Vo  go 

g.+ 

5 

Much  clearer . 

V.g. 

g. 

v.g.+ 

V.  g.- 

Volcanic  haze;  high  wind.. 

g- 

v.g.- 

g. 

g. 

6 

Volcanic  haze . 

g. 

e. 

go 

V.  go  — 

go 

V.  go 

V.  go 

V.  go 

7 

Volcanic  haze;  scattered  cirri 

g.— 

e.— 

V .  go 

go-h 

Volcanic  haze . . . 

g- 

e. 

V.  go 

v.  g. 

8 

Volcanic  haze . . . 

g. 

e.— 

e. 

V.  go 

go  — 

v.g.— 

go 

g. 

9i 

Many  cirri;  delayed  start. . . 

p- 

V.g.- 

g. 

p- 

Volcanic  haze;  many  little 

p- 

e.+ 

g- 

g. 

cumuli;  end  cloudy. 

111 

Bad  sky;  delayed  start . 

p- 

p- 

g-- 

p- 

Very  hazy;  high  wind . 

g-- 

V.  g. 

g. 

g- 

19 

Volcanic  haze... . 

g.— 

g. 

v.g.+ 

g. 

g.+ 

e. 

V.  go 

v.  g. 

20 

Scattered  clouds,  not  near 

g. 

V.  g. 

V.g.+ 

g- 

Very  hazy . . . 

g.- 

g.+ 

g-+ 

g- 

sun. 

21 

Scattered  cirri . . 

g. — 

V.  g. 

V.  go 

v.  g.— 

Verv  hazy . „ . „„„ . 

g. - 

e. — 

e. 

g.+ 

25 

V olcanic  haze;  scattered  cirri 

g.- 

e. 

g- 

V.  g.- 

Volcanic  haze . 

g.+ 

e. 

V.  g. 

V.g. 

26i 

Cirri;  stop  on  account  of 

p- 

g- 

P- 

p- 

Volcanic  haze . 

g- 

e.— 

V.  g. 

V.  g. 

them. 

27 

Volcanic  haze . 

g- 

e. 

V.  g. 

v.  g. 

Volcanic  haze;  variable?.. 

g. 

g- 

g- 

g-? 

31i 

Volcanic  haze . 

g. 

e. 

v.  g.+ 

V.  go 

p. 

p. 

V.  g. 

p. 

Aug.  li 

Volcanic  haze . 

go 

p. 

p. 

p. 

Volcanic  haze _ .......... 

go  — 

p. 

p. 

p. 

2 

Volcanic  haze . 

gc 

e. 

e. 

V.  g. 

g.— 

e. 

e. 

V.  go 

3 

Volcanic  haze . 

g. 

e. 

e. 

V.  go 

Volcanic  haze ............. 

g. 

e. 

e. 

V.  go 

5 

Volcanic  haze . 

g. 

e. 

e. 

V.  go 

g. 

go 

v.  g. 

g. 

61 

Volcanic  haze . . . 

g- 

e. 

e. 

V.  g. 

Cumuli  at  start;  short  series 

p- 

g- 

g.- 

p- 

7 

Volcanic  haze . 

g. 

e. 

e. 

V.  g. 

g. 

e. 

V.  go  — 

V.  go  — 

8i 

Volcanic  haze... . 

g. 

e.+ 

e. 

V.  g.+ 

g.— 

p. 

g. 

p. 

ii 

Volcanic  haze . 

g. 

v.  g. 

V.  go 

V.  g.“ 

Very  hazy. . . 

go  — 

v.  g. 

v.  z. 

g-+ 

13 

Volcanic  haze . 

go 

e.— 

V.  go 

V.  g.— 

Volcanic  haze ............. 

g. 

e. 

V.  go 

v.  g. 

141 

Volcanic  haze... . 

g- 

g. 

g. 

g- 

Volcanic  haze;  variable  sky 

p.- 

p. 

V.  g.+ 

p- 

21 

Volcanic  haze . 

go 

v.g.+ 

g.— 

go 

Volcanic  haze . 

g- 

e. 

v.g.+ 

V.  go 

22 

Volcanic  haze . 

g- 

e. 

g. 

V.  g.- 

Much  clearer;  best  since 

V.  g. 

e. 

e. 

e. 

June. 

23 

Volcanic  haze . . . 

g. 

v.  g. 

V.  go 

go 

Volcanic  haze . . 

V.  g.— 

e. 

V.  E.+ 

V.  go  — 

251 

Forest  fire;  much  smoke 

P- 

g. 

g.~ 

p- 

Volcanic  haze . . . 

V.  g.- 

e.— 

g- 

g- 

caused  stop. 

261 

Forest  fire;  cirri;  ends  in 

P- 

g- 

p. 

p. 

Clearer. . . 

V.g. 

V.  g. 

v.  g. 

V.  g. 

clouds. 

27 

Forest  fire . . . 

g.~ 

e.— 

g. 

go  — 

Still  clearer . 

v.  g.+ 

v.g.- 

V.g.+ 

V.  go 

28i 

Bad  sky..... . 

P. 

g. 

P» 

p. 

Less  clear . . . . 

g.— 

V.  go 

v.  g. 

g. 

291 

Fire  now  over  but  sky 

P- 

g- 

p- 

p- 

Forest  fires ;  hazy ... _ _ _ 

g. 

v.g.+ 

e. 

V.  g. 

smoky. 

Sopt.  5> 

Volcanic  haze;  variable . 

g- 

p- 

v.g.+ 

p- 

Volcanic  haze;  variable  sky 

g.- 

P- 

V.  g. 

P- 

1  Day  rejected  for  bad  sky  at  one  or  both  stations. 
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As  measurements  were  made  on  all  days  when  any  hope  of  successful  results 
could  be  entertained,  there  were  inevitably  many  days  included  which  are  not  good 
enough  to  yield  values  of  the  solar  constant  of  sufficient  accuracy  to  reveal  minute 
solar  variations.  The  observations  are  so  numerous  that  it  is  possible  to  discover 
by  general  statistical  methods  that  solar  variability  exists  without  excluding  any 
such  poor  days.  But  it  is  much  better  to  examine  the  notes  given  in  Tables  39 
and  41  on  the  state  of  the  sky  and  apparatus  and  the  grading  given  in  Tables  38 
to  41,  for  these  enable  us  to  exclude  at  once  a  number  of  values  of  small  weight, 
and  to  see  reasonable  grounds  for  distrusting  others.  In  this  discussion  some 
general  things  must  be  remembered : 

First.  Bassour  observations  have  larger  instrumental  error  than  Mount  Wilson, 
owing  to  drift  caused  by  the  diurnal  motion  of  the  spec trobolome ter,  to  the  great 
variability  of  temperature  of  the  galvanometer  and  spectrobolometer,  and  to  the 
frequent  occurrence  of  high  winds. 

Second.  Bassour  observations  of  1911  have  larger  instrumental  errors  than 
those  of  1912.  Many  useful  improvements  were  made  in  1912. 

Third.  Observations  may  be  rendered  far  less  accurate  by  high  winds,  without 
being  so  thoroughly  spoiled  as  they  are  by  the  growth  of  wisps  of  cirrus  clouds, 
by  the  presence  of  nearly  invisible  inequalities  of  the  transparency  of  the  sky,  or 
by  progressive  increase  or  decrease  of  haziness.  The  former  type  of  disturbances 
merely  produce  local  irregularities  in  separate  holographs,  which  are  largely  elimi¬ 
nated  in  the  general  result  of  the  day.  The  latter  type,  connected  with  the  trans¬ 
parency  of  the  atmosphere,  can  not  be  eliminated. 

Fourth.  The  effects  of  the  volcano  of  Mount  Katmai,  in  Alaska,  began  to  be 
noticeable  at  Bassour  on  June  19,  and  at  Mount  Wilson  June  21,  1912.  A  very 
marked  streaky  appearance  of  the  sky  was  produced.  Haziness  became  so  much 
increased  that  in  August  the  loss  of  light  in  the  direct  solar  beam  due  to  the  vol¬ 
canic  haze  nearly  or  quite  equaled  the  loss  due  to  all  other  constituents  of  the 
atmosphere.  This  was  a  very  great  handicap,  for  the  variability  of  the  volcanic 
haze  caused  the  failure  of  many  days  of  observation;  and  its  mere  presence,  when 
invariable,  by  doubling  the  losses  in  the  atmosphere,  nearly  doubled  the  error  of 
the  observations. 

Fifth.  A  day  which  for  any  reason  is  poor  at  one  station  is  as  poor  for  purposes 
of  comparison  as  if  the  observations  were  poor  at  both  stations. 

With  these  things  in  mind,  we  have  adopted  the  rule  that  all  days  should  be 
rejected  in  which  less  than  half  the  atmospheric  transmission  coefficients  determined 
for  the  several  wave  lengths  were  graded  “very  good”  or  “excellent”  at  each 
station,  excepting  such  as  were  days  of  very  high  wind  or  such  as  had  a  very  large 
number  of  points  graded  “good”  and  scarcely  falling  below  “very  good.” 
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We  have  also  rejected  days  in  which,  by  eye  observations  or  by  the  abnormal 
indications  of  logarithmic  graphical  representations  of  the  pyrheliometry,  it  was 
obvious  that  a  marked  change  of  atmospheric  transparency  occurred  during  the 
series  of  observations,  at  one  or  both  stations,  such  as  to  spoil  the  work.  By  this 
rule  we  do  not  exclude  days  on  which  clouds  temporarily  interfered  and  afterwards 
passed,  leaving  the  sky  apparently  unchanged. 

Days  excluded  from  the  comparison  on  account  of  poor  grading  of  transmission 
coefficients  and  because  of  observed  changes  in  the  sky  are  indicated  in  the  tables. 
In  addition,  a  few  days  are  indicated  as  of  small  weight  for  various  reasons  given 
by  the  notes. 

There  are  in  all  75  days.  Of  these  23  are  rejected  (mostly  after  July  8,  1912). 
Besides  these,  4  are  indicated  as  of  less  weight.  There  remain  48  good  days.  Their 
relative  weights  may  be  judged  by  the  reader  from  the  data  given. 

As  a  preliminary  and  simple  way  of  seeing  that  these  records  indicate  the 
variability  of  the  sun,  we  have  only  to  compare  the  mean  values  obtained  in  1911 
(20  observations)  with  the  mean  values  obtained  in  1912  (32  observations),  as 
follows : 1 


Mean  values. 

Differ¬ 

ences. 

1911 

1912 

1912-1911 

Mount  Wilson . 

1.  900 

1.  886 

1.  931 

1.  919 

.031 

.033 

Bassour . 

Both  stations  indicate  that  the  solar  radiation  in  1912  exceeded  that  in  1911, 
and  by  nearly  equal  amounts. 

Owing  to  the  lack  of  continuous  duplication  of  the  record,  in  consequence  of 
cloudiness  at  Bassour  or  at  Mount  Wilson,  it  is  not  easy  to  show  the  sun’s  variability, 
convincingly,  merely  by  plotting  the  results  of  the  two  stations,  day  after  day,  in 
the  fashion  of  figures  9,  10,  11,  12,  13,  and  14.  The  results  are  capable  of  illustration 
in  a  more  convincing  form.  For  the  purpose  primarily  in  view,  namely,  to  show 
whether  some  extraterrestrial  influence  affects  both  stations,  it  is  not  necessary  that 
the  record  should  be  continuous.  We  desire  to  know  whether  high  solar  radiation 
values  are  found  simultaneously  at  both  stations  on  the  same  days  and  low  values  at 
both  stations  simultaneously  on  other  days.  It  does  not  matter  whether  these  days 
are  in  the  same  week  or  the  same  year,  but  the  cases  must  be  numerous  enough  to 
prevent  us  from  ascribing  the  agreements  to  chance. 

1  As  above  indicated,  the  Bassour  and  Mount  Wilson  observations  are  reduced  to  different  quantities  of  precipitable 
water.  If  reduced  to  equal  quantities,  the  Bassour  results  should  be  increased  relatively  by  0.013  calorie.  There  would 
then  be  almost  exact  agreement  between  the  stations,  as  here  shown. 
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Figure  15  exhibits  the  matter  in  a  form  suitable  to  show  whether  high  values  and 
low  values  occur  on  the  same  days  at  both  stations.  Each  point  represents  the 
values  obtained  on  one  day  when  the  solar  constant  was  determined  at  both  stations. 
Ordinates  represent  Mount  Wilson  values,  abscissae,  the  corresponding  Bassour 
values.  If  the  sun  had  varied,  but  the  observations  were  without  error,  the  points 
would  all  be  found  on  the  line  at  45°  inclination.  In  fact,  accidental  errors  prevent 


Fig.  15. — Comparison  of  solar  constant  values  of  Mount  Wilson  and  Bassour,  1911  and  1912.  Each  point  represents  one  day’s  work.  The  vertical 
scale  gives  Mount  Wilson  values;  the  horizontal  scale  Bassour  values.  Crosses  are  for  1911;  circles  for  1912. 


this,  but  the  points  are  found  to  lie  near  the  line,  and  if  we  exclude  points  questioned 
their  average  deviation  from  it  is  only  1.4  per  cent.  This  small  average  departure 
is  reasonably  ascribed  to  accidental  error,  and  implies  a  probable  error  of  a  single 
day’s  observation  at  one  station  of  0.8  per  cent.  High  values  at  one  station  are  high 
at  the  other,  and  vice  versa.  A  total  range  of  solar  variation  of  11  per  cent  is  indi¬ 
cated  by  the  two  extreme  points,  and  many  points  indicate  a  range  of  7  per  cent. 
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(c)  SUN  SPOTS  AND  THE  SOLAR  VARIATION. 

The  observations  have  now  continued  at  Mount  Wilson  during  every  summer 
but  that  of  1907,  from  1905  to  1912,  and  thus  have  been  made  at  sun-spot  maximum 
and  sun-spot  minimum  periods.  It  is  therefore  of  interest  to  see  if  a  fluctuation  of 
radiation  parallel  with  that  of  spot  activity  presents  itself. 

The  following  table  42  contains  the  monthly  mean  values  of  the  sun-spot  num¬ 
bers,  and  the  monthly  mean  values  of  the  solar  constant  for  the  whole  time  covered 
by  the  Mount  Wilson  observations: 


Table  42. — Solar-constant  values  and  sun-spot  numbers . 


Date. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Mean. 

1905 

Sun-spot  numbers . . 

48.5 

60.4 

75.2 

55.8 

52.2 

78.7 

113.3 

62.5 

Solar-constant  values . 

1.971 

1.979 

1.951 

1.928 

1.951 

1.956 

Number  days  observed. . . 

9 

10 

12 

11 

3 

45 

1906 

Sun-spot  numbers. . . 

57.7 

63.2 

103.3 

47.7 

56.1 

17.8 

38.9 

57.6 

Solar-constant  values. . 

1.940 

1. 940 

1.962 

1.942 

1.948 

1.918 

1.942 

Number  days  observed . . 

5 

12 

11 

13 

10 

10 

61 

1908 

Sun-spot  numbers. . . 

40.8 

48.1 

39.5 

90.5 

86.9 

32.3 

45.5 

54.8 

Solar-constant  values. . 

1.934 

1.944 

1.935 

1.952 

1.938 

1.951 

1.947 

1.936 

Number  days  observed . . 

9 

20 

20 

29 

12 

17 

7 

114 

1909 

Sun-spot  numbers . 

36.0 

22.6 

35.8 

23.1 

38.8 

58.4 

55.8 

45.7 

Solar-constant  value. . . 

1.930 

1.911 

1.930 

1.908 

i  1. 901 

1.933 

1.918 

Number  days  observed . 

22 

23 

18 

14 

i  11 

2 

90 

1910 

Sun-spot  numbers. . . 

22.2 

12.3 

14.1 

11.5 

28.2 

38.3 

4.9 

20.8 

Solar-constant  values . 

1.916 

1.933 

1.913 

1.912 

1.920 

1.926 

1.926 

1.  921 

Number  days  observed . . . 

12 

22 

13 

23 

21 

17 

5 

113 

1911 

Sun-spot  numbers. . 

9.0 

2.2 

3.5 

4.0 

4.0 

2.6 

4.2 

3.4 

Solar-constant  values . . 

1.939 

1.917 

1.930 

1.931 

1.915 

1.903 

1.923 

Number  days  observed . . . . 

15 

16 

27 

16 

22 

13 

109 

1912 

Sun-spot  numbers. . 

3.7 

2.8 

0.0 

Solar-constant  values . . . 

1.931 

1.947 

1.943 

Number  days  observed . 

13 

14 

17 

1  Omitting  those  marked  “P”  in  the  grading  of  the  bolometry.  In  preparing  the  illustration  which  is  based  on  this  table  the  two  observa¬ 
tions  of  November  are  included  with  October,  giving  values  as  follows:  Sun-spot  number  58.0.  Solar-constant  mean  1.906. 

These  data  are  shown  graphically  in  figure  16,  where  sun-spot  numbers  are 
ordinates  and  the  solar-constant  values  are  abscissae.  On  its  face  the  figure  seems 
to  indicate  that  changes  in  the  solar  constant  are  associated  with  changes  in  the 
prevalence  of  sun  spots.  The  observations  of  the  year  1906  are  particularly  inter¬ 
esting,  as  during  that  year  the  sun-spot  numbers  varied  from  103.3  down  to  17.8 
and  the  solar-constant  values  corresponding  ranged  from  1.962  down  to  1.918. 
In  that  year  there  were  no  changes  made  in  the  manner  of  observing,  so  that  the 
whole  series  for  that  year  should  be  perfectly  homogeneous.  Accordingly,  the 
wide  range  of  solar-constant  values  and  sun-spot  numbers,  going  as  they  do  hand- 
in-hand,  seems  to  deserve  some  confidence. 

The  observations  of  the  year  1912  are  the  most  seriously  discordant.  It  was 
in  this  year  that  the  heavens  were  obscured  with  haze  from  the  volcano  of  Mount 
Katmai,  so  that  one  would  at  first  sight  be  tempted  to  suppose  that  perhaps  the 
solar-constant  values  were  made  1  per  cent  or  more  too  high  on  account  of  that 


130 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


occurrence.  But  this  explanation  is  hardly  satisfactory,  because  in  the  month 
of  June,  when  the  dust  had  hardly  begun  to  produce  any  effect,  and  when  nearly 
all  the  observations  were  made  before  any  appearances  of  haze  had  manifested 
themselves  at  all  in  the  sky,  the  result  of  the  solar-constant  measurements  is  almost 
as  discordant  as  those  of  June  and  July.  It  seems  more  reasonable  to  conclude 
that  if  there  is  a  connection  between  prevalence  of  sun  spots  and  the  solar-constant 
values  this  relation  is  not  the  whole  story,  and  the  fluctuation  .of  the  solar-constant 
values  depends  not  only  on  the  spottedness  of  the  sun  but  on  other  circumstances 
not  yet  fully  understood. 


Fig.  16.— Mean  monthly  sun-spot  numbers  and  corresponding  Mount  Wilson  solar-constant  values. 


The  greater  the  spottedness  of  the  sun  the  higher,  it  appears,  are  the  solar- 
radiation  values.  This  is  opposite  to  what  we  expected  1  for  the  earth’s  tempera¬ 
ture  is  lower  when  sun  spots  are  at  a  maximum.2  But  on  the  other  hand  the  sun’s 
variation  now  seems  to  be  in  the  same  sense  as  that  of  the  star  Myra,  which  is  also 
an  irregular  variable,  having  many  striking  similarities  in  its  variation  to  those 
shown  in  the  sun-spot  cycle. 

We  do  not  now  strongly  insist  upon  the  apparent  connection  between  the  solar 
variation  and  the  prevalence  of  sun  spots  as  a  proved  fact.  The  values  obtained, 
for  instance,  in  the  year  1912  seem  to  be  somewhat  at  variance  with  the  general 
march  of  the  observations.  Moreover  the  deviations  of  the  individual  points  from 


1  See  Annals,  Vol.  II,  p.  99. 


2  See  “Volcanoes  and  the  climate”  in  the  Appendix. 
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the  best  representative  line  are  rather  large,  so  that  it  may  possibly  be  that  the 
apparent  connection  between  sun  spots  and  solar  variation  is  an  accidental  coin¬ 
cidence,  and  not  a  true  association  of  phenomena.  We  reserve  our  decision  on  this 
point  until  the  passage  of  a  few  more  years  shall  have  yielded  observations  which 
shall  be  decisive. 

(d)  THE  SOLAR-ENERGY  SPECTRUM  AND  THE  SOLAR  VARIABILITY. 

In  connection  with  the  variability  of  the  sun  it  is  of  great  interest  to  determine 
whether  the  radiation  varies  as  a  whole,  so  that  all  parts  of  the  solar  spectrum  wax 
and  wane  together  with  the  solar  constant,  or  whether  the  change  occurs  chiefly 
or  solely  in  special  parts  of  the  spectrum,  thus  changing  the  relative  spectral  distri¬ 
bution  of  the  solar  energy.  This  question  can  not  be  decided  by  the  Mount  Wilson 
observations,  because  they  are  taken  by  the  aid  of  silvered  glass  mirrors,  which 
tarnish  in  sunlight,  so  that  the  violet  end  of  the  spectrum  varies  greatly  from  day 
to  day  on  this  account,  apart  from  any  possible  variation  of  the  sun. 

The  deterioration  of  silvered  surfaces  has  indeed  been  a  very  great  obstacle  to 
our  work  from  the  beginning.  At  one  time  plane  parallel  glass  plates  silvered  on 
the  back  were  resorted  to  for  mirrors  on  the  siderostat  at  Washington.  But  although 
the  silver  did  not  tarnish  much  under  these  circumstances,  the  variable  polarization 
of  the  glass,  its  absorption,  and  the  variable  double  reflection  from  its  front  and  back 
surfaces  made  the  experiment  of  doubtful  advantage.  In  1909  and  1910  magnalium 
mirrors  were  employed  for  the  spectro-bolometer  on  the  Mount  Whitney  expeditions. 
But  this  substance  proved  to  be  only  a  little  more  stable  than  silver,  and  was 
besides  very  imperfect  in  its  texture,  so  that  its  use  has  been  discontinued. 

For  the  Algerian  expeditions  of  1911  and  1912,  speculum-metal  mirrors  have 
been  resorted  to.  In  the  Algerian  apparatus,  which  is  the  same  used  on  Mount 
Whitney,  but  with  some  improvements,  the  spectro-bolometer  is  equatorially 
mounted,  and  follows  the  sun,  so  that  the  only  mirrors  required  are  the  two  for  the 
spectroscope.  Whether  or  not  speculum-metal  mirrors  would  be  stable  if  exposed 
fully  to  the  sun  in  a  coelostat  is  uncertain,  but  within  the  spectro-bolometer  at 
Bassour  they  have  remained  apparently  untarnished  for  long  periods  of  time,  so 
that  the  Algerian  solar-constant  determinations  promised  to  be  fairly  well  adapted 
to  test  the  question  of  the  possible  variability  of  the  form  of  the  sun’s  energy-spectrum 
curve  outside  the  atmosphere.1 

As  stated  in  Annals,  volume  II,  page  50,  and  in  this  volume,  Chapter  I,  we  are 
accustomed  to  assume  the  invariability  of  the  form  of  the  solar  energy  spectrum 
outside  of  our  atmosphere,  and  to  compute  therefrom  the  transmission  of  the  optical 
apparatus.  But  in  reducing  the  Algerian  observations  we  have  assumed  the  invari- 

1  It  is,  however,  very  unfortunate  from  this  point  of  view  that  the  volcanic  eruption  of  Mount  Katmai  June  6, 
1912,  produced  widespread  haze,  which  decreased  the  accuracy  of  the  determinations  of  1912. 
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ability  of  the  transmission  of  the  apparatus.  Hence,  if  the  form  of  the  energy  curve 
really  changes  with  the  variation  of  the  sun,  the  computed  extra-atmospheric  energy 
curve  of  the  Algerian  determinations  should  show  a  parallel  change.  We  have 
selected  some  of  the  best  days  of  observation,  taking  them  in  pairs,  close  in  point  of 
time,  but  ranging  widely  in  solar-constant  values,  and  give  in  the  following  Table 
43  numbers  representing  the  percentages  of  change  in  the  extra-atmospheric  energy 
curve,  and  the  percentages  of  change  in  the  solar-constant  value  found  from  the 
pairs  of  days  in  question. 


Table  43. — Solar-constant  values  and  the  sun’s  energy  spectrum. 

[Values  of  Bassour,  1912.J 


Wave 

length. 

Energy  spectrum. 

Energy  spectrum. 

Energy  spectrum. 

Energy  spectrum. 

Mean. 

June  7. 

June  9. 

Per 

cent 

differ¬ 

ence. 

July  6. 

June  27. 

Per 

cent 

differ¬ 

ence. 

Aug.  7. 

Aug.  5. 

Per 

cent 

differ¬ 

ence. 

Aug. 

26. 

Aug. 

23. 

Per 

cent 

differ¬ 

ence. 

June  7, 
July  6, 
Aug.  7, 
Aug. 
26. 

June  9, 
June 
27, 

Aug.  5, 
Aug. 
23. 

Per 

cent 

differ¬ 

ence. 

n 

0. 3063 

15 

17 

+11.7 

22 

18 

-22.2 

19 

18 

18 

0.0 

.3137 

17 

29 

+41.4 

31 

20 

—55.0 

13 

43 

+69.8 

20 

31 

+35.4 

.3218 

52 

70 

+25.7 

61 

56 

-  8.9 

27 

73 

+63.0 

47 

43 

-  9.3 

47 

60 

+11.3 

.3306 

77 

90 

+14.5 

81 

75 

-  8.0 

64 

84 

+23.8 

74 

82 

+  9.8 

74 

83 

+  10.8 

.3404 

101 

100 

-  1.0 

106 

94 

-12.8 

94 

98 

+  4.1 

100 

104 

+  3.8 

100 

99 

-  1.0 

.3513 

130 

122 

-  6.6 

134 

111 

-21.6 

126 

120 

-  5.0 

139 

133 

-  4.5 

132 

122 

-  8.2 

.3635 

184 

166 

-10.8 

198 

196 

-  1.0 

198 

165 

-20.0 

187 

180 

-  3.9 

192 

177 

-8.5 

.3783 

292 

248 

-17.7 

243 

228 

-  6.6 

250 

238 

-  5.9 

240 

211 

-13.7 

256 

231 

-10.8 

.3963 

393 

344 

-14.2 

410 

345 

-18.8 

361 

325 

-11.1 

323 

322 

-  0.3 

372 

334 

-11.4 

.4163 

449 

463 

+  3.0 

521 

457 

-14.0 

528 

449 

-17.6 

571 

455 

-25.5 

517 

456 

-11.8 

.4387 

572 

547 

-  4.6 

614 

554 

-10.8 

613 

589 

-  4.1 

631 

578 

-  9.2 

692 

567 

-4.4 

.4644 

750 

706 

-  6.2 

807 

692 

-16.6 

772 

752 

-  2.7 

823 

718 

-14.6 

788 

717 

-9.9 

.4946 

891 

826 

-  7.9 

981 

849 

-15.5 

923 

892 

-  3.5 

1,072 

866 

-23.8 

967 

858 

-12.7 

.5325 

1,099 

1,062 

-  2.3 

1,147 

1,009 

-13.8 

1,054 

913 

-15.4 

1,228 

1,077 

-14.0 

1,132 

1,015 

-11.5 

.5827 

1,390 

1,303 

-  6.7 

1,367 

1,309 

-  4.4 

1,378 

1,363 

-  1.1 

1,319 

1,265 

-  4.3 

1,338 

1,310 

-  2.1 

.6148 

1,455 

1,358 

-  7.1 

1,502 

1,381 

-  8.8 

1,410 

1,401 

+  0.6 

1,400 

1,337 

-  4.7 

1,442 

1,369 

-5.3 

.6495 

1,489 

1,476 

-  0.9 

1,558 

1,455 

-  7.1 

1,500 

1,447 

-  3.7 

1,453 

1,446 

-  0.5 

1,500 

1,456 

-  3.0 

.6885 

1,596 

1,517 

-  5.2 

1,610 

1,492 

-  7.9 

1,604 

1,474 

-  8.8 

1,532 

1,501 

-  2.1 

1,586 

1,496 

-  6.0 

.7340 

1,618 

1,603 

-  0.9 

1,652 

1,574 

-  5.0 

1,679 

1,502 

-11.4 

1,579 

1,566 

-  0.8 

1,632 

1,561 

-  4.5 

.7840 

1,641 

1,622 

+  1.2 

1,686 

i,  618 

-  4.2 

1,683 

1,550 

-  8.6 

1,596 

1,596 

0.0 

1,652 

1,596 

-  3.5 

.8450 

1,581 

1,596 

+  0.9 

1,675 

1,588 

-  5.5 

1,695 

1,572 

-  7.8 

1,622 

1,579 

-  2.7 

1,643 

1,584 

-  3.7 

.9155 

1,500 

1,585 

+  5.4 

1,632 

1,556 

-  4.9 

1,668 

1,593 

-  4.7 

1,571 

1,504 

-  4.5 

1,593 

1,560 

-2.1 

.9950 

1,403 

1,503 

+  6.7 

1,541 

1,469 

-  4.9 

1,608 

1,540 

-  4.4 

1,500 

1,463 

-  1.2 

1,513 

1,494 

-  1.3 

1.084 

1,256 

1,321 

+  4.9 

1,337 

1,320 

-  1.3 

1,426 

1,415 

-  0.8 

1,301 

1,313 

+  0.9 

1,330 

1,342 

+  0.9 

1.178 

1,112 

1,140 

+  2.5 

1,142 

1,118 

-  2.1 

1,242 

1,162 

-  6.9 

1,120 

1,125 

+  0.4 

1,154 

1,136 

-  1.6 

1,274 

951 

951 

0.0 

974 

962 

-  1.2 

1,018 

930 

-  9.5 

956 

947 

-  0.9 

975 

948 

-2.8 

1.368 

794 

805 

+  1.4 

818 

798 

-  2.5 

849 

774 

-  9.7 

775 

773 

-  0.3 

809 

788 

-2.7 

1.464 

693 

665 

-  4.2 

688 

656 

-  5.8 

682 

635 

-  7.4 

661 

651 

-  1.5 

681 

652 

-4.4 

1.556 

586 

543 

-  7.9 

572 

556 

-  2.9 

577 

525 

-  9.9 

553 

537 

-  3.0 

572 

540 

-5.9 

1.645 

524 

483 

-  8.5 

505 

475 

-  6.3 

476 

452 

-  5.3 

484 

476 

-  1.7 

497 

472 

-  5.3 

1.733 

470 

440 

-  6.8 

455 

431 

-  5.6 

421 

419 

—  0.5 

451 

429 

-  5.1 

449 

430 

-4.4 

1.817 

420 

396 

-  6.1 

401 

378 

-  6.1 

368 

370 

+  0.5 

406 

381 

-  6.6 

399 

381 

-4.7 

1.898 

373 

348 

-  7.0 

345 

328 

-  5.2 

307 

323 

+  4.9 

366 

331 

-10.6 

348 

332 

-4.8 

1.975 

322 

313 

-  2.9 

263 

281 

+  6.4 

301 

275 

-  9.5 

317 

283 

-12.0 

301 

288 

-  4.5 

2.049 

247 

255 

+  2.7 

205 

211 

+  2.8 

190 

218 

+12.8 

234 

208 

— 12. 5 

219 

223 

+  1.8 

2. 120 

156 

181 

+  13.8 

159 

147 

-  5.4 

134 

134 

0.0 

162 

146 

-11.0 

153 

152 

-0.7 

2.255 

84 

83 

-  1.2 

88 

83 

-  6.0 

90 

78 

-15.4 

87 

88 

+  1.1 

87 

83 

-4.8 

2.392 

42 

71 

+40.8 

37 

38 

+  2.6 

34 

33 

-  3.0 

50 

36 

-38.9 

41 

44 

+  6.8 

Solar 

constant. 

1.949 

1.903 

-2.42 

2.016 

1.872 

-7.69 

1.985 

1.880 

-5.59 

1.981 

1.877 

-5. 55 

1.983 

1.883 

-5.31 
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The  extra-atmospheric  energy  curves  were  in  each  case  reduced  to  such 
heights  as  to  inclose  areas  proportional  to  the  solar-constant  values  found  at 
Bassour.  These  values  are  given  at  the  bottom  of  Table  43,  with  the  percentage 
differences  between  the  two  days  of  each  pair. 

It  will  be  seen  that  there  is  a  marked  tendency  toward  greater  changes  for  the 
shorter  wave-length  parts  of  the  spectrum  than  for  the  longer  wave  rays.  If  we 
exclude  from  consideration  the  region  of  the  ultra-violet  beyond  ^=0.35^,  where 
the  ordinates  of  the  energy  curve  are  too  small  for  accurate  observation,  the  mean 
percentage  departures  given  in  the  final  column  of  Table  43  show  a  very  fairly 
regularly  increasing  departure  from  infra-red  to  ultra-violet. 

So  far  as  the  observations  may  be  trusted,  then,  they  show  that  a  decrease  of 
the  sun’s  emission  of  radiation  reduces  the  intensity  of  all  wave  lengths;  but  the 
fractional  decrease  is  much  more  rapid  for  short  wave  lengths  than  for  long.  The 
result  confirms  the  indication  pointed  out  at  page  106  of  the  Annals,  Volume  II. 

2.  THE  MEAN  VALUE  OF  THE  SOLAR  CONSTANT  OF  RADIATION. 

(a)  THE  STANDARD  SCALE  OF  RADIATION. 

When  Volume  II  of  these  Annals  was  published  doubt  still  remained  as  to  the 
true  scale  of  radiation.  Hence  we  gave  the  values  therein  in  terms  of  a  provisional 
scale  which  was  known  to  be  several  per  cent  too  high.  Efforts  have  repeatedly 
been  made  here  to  fix  the  true  scale  of  radiation.  Standard  water-flow  pyrheli- 
ometers  Nos.  2  and  3  and  standard  water-stir  pyrheliometer  No.  4  were  constructed 
after  the  publication  of  Annals,  Volume  II,  and  were  compared  with  each  other  and 
with  several  secondary  pyrheliometers  at  Washington  in  1909,  1910,  and  1912, 
and  at  Mount  Wilson  in  1908,  1909,  1910,  and  1911.  These  comparisons  indicated 
close  agreement  between  standard  pyrheliometers  Nos.  2,  3,  and  4,  and  satisfac¬ 
tory  stability  of  the  constants  of  the  various  secondary  pyrheliometers.1  Test 
quantities  of  heat  many  times  introduced  electrically  in  all  these  standard  pyrheli¬ 
ometers  were  determined  to  within  0.5  per  cent. 

In  1909,  and  thereafter,  many  copies  of  our  secondary  silver-disk  pyrheli¬ 
ometer  have  been  standardized  at  Washington  and  sent  to  observers  in  America 
and  abroad.  Several  of  these  observers  had  also  obtained  copies  of  the  Angstrom 
electrical  compensation  pyrheliometer,  and  they  have  informed  the  Institution 
of  the  relative  scales  of  the  two  instruments.  From  this  information  it  appears 
that  the  values  obtained  with  Angstrom  pyrheliometers  are  on  the  average  3.9  per 
cent  below  those  obtained  with  the  Abbot  silver-disk  pyrheliometers.  Unpub¬ 
lished  experiments  have  indicated  two  small  sources  of  error  with  the  Angstrom 
pyrheliometer  which,  combined,  seem  to  be  sufficient  to  explain  this  discrepancy. 
Accordingly,  we  feel  justified  in  concluding  that  the  standard  scale  of  radiation 
has  now  been  established  to  within  1  per  cent. 
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See  Chapter  3. 
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(6)  THE  SOLAR-CONSTANT  VALUES  OBTAINED. 

In  the  following  table  appears  a  summary  of  all  our  solar-constant  data  (so  far 
as  now  reduced),  as  corrected  for  all  known  sources  of  error,  and  reduced  to  our 
adopted  standard  scale  of  radiation : 1 2 

Table  44. — Solar-constant  values.  Summary,  1902-1912. 


Station. 

Date. 

Number. 

Mean  value. 

Washington . . . 

1902-1907 . 

37 

1.  968 

Mount  Wilson . 

1905,  June-Oct. . 

45 

1.  956 

1906,  May-Oct . 

61 

1.  942 

1908,  May-Nov. . . 

114 

1.  936 

1909,  June-Oct . 

95 

1.  916 

1910,  May-Nov . 

113 

1.  921 

1911,  June-Nov . 

109 

1.  923 

1912,  June-Aug . 

36 

1.945 

Mount  Whitney . 

1909-10 . 

4 

21.  895 

Bassour . 

1911,  Sept. -Nov.  . 

43 

1.  913 

1912,  June-Aug . 

39 

1.  943 

Total . 

696 

1.  9315 

(c)  DISCUSSION  AND  FINAL  VALUE  FOR  THE  SOLAR  CONSTANT. 

Taking  the  general  mean  of  all  results  given  in  Table  44,  giving  each  single  obser¬ 
vation  equal  weight  with  every  other,  we  obtain  as  the  mean  value  of  the  solar  constant 
of  radiation  for  the  epoch  1902-1912 ,  so  far  as  determined  by  our  696  observations: 

1.932  CALORIES  (15°)  PER  SQUARE  CENTIMETER  PER  MINUTE. 

It  is  possible  that  if  the  observations  had  been  more  evenly  distributed  over 
the  time  they  cover,  a  slightly  different  value  would  have  been  found,  but  there  is 
no  good  reason  to  suppose  the  difference  would  have  been  appreciable.  It  is  also 
probable  that  if  observations  could  be  made  outside  the  atmosphere  there  would 
be  found  a  little  more  radiation  in  the  ultra-violet  than  has  been  estimated  by 
us.  All  observers  find  the  solar  spectrum  to  cease  at  0.29  y.  But  it  is  known  that 
a  band  of  ozone  absorption  begins  there.  Possibly  the  solar  spectrum  outside  the 
atmosphere  may  contain  an  appreciable  amount  of  radiation  of  less  wave-length 
than  0.29  y.  Except  for  this  possibility,  we  see  no  reason  to  doubt  the  accuracy 
of  the  solar  constant  value  given  above.3 

1  A  few  days  are  omitted  for  lack  of  water- vapor  data,  and  a  few  in  1911  and  1912  on  account  of  their  worthlessness 
owing  to  bad  sky. 

2  This  value  becomes  1.923  if  the  results  for  the  year  1910  are  changed  as  suggested  in  the  note  at  Table  31. 

3  In  preliminary  publications  it  appeared  that  the  Mount  Wilson  values  were  a  little  lower  than  those  from  other 
stations.  This  difference  has  now  disappeared  with  the  introduction  of  residual  water-vapor  corrections  and  of  the 
Smithsonian  Revised  Pyrheliometry  of  1913. 
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3.  THE  ATMOSPHERIC  TRANSMISSION  FOR  VERTICAL  HOMOGENEOUS 

RAYS. 

(a)  AT  WASHINGTON. 

[Latitude  38°  53'  17.3"  N.,  longitude  77°  01'  33.6"  W.,  elevation  10  meters.] 

We  have  made  no  more  experiments  on  this  subject  at  Washington  since  the 
publication  of  Volume  II  of  these  Annals.  But  as  readers  may  have  occasion  to 
compare  the  transmission  coefficients  obtained  at  stations  of  different  altitudes, 
we  quote  here  the  mean  Washington  values,  and  those  obtained  on  February  15, 
1907,  and  May  14,  1907,  days  of  high  and  low  atmospheric  transmission,  respec¬ 
tively.  For  further  Washington  values  the  reader  may  consult  Annals,  Volume  II, 
pages  112,  113. 

Table  45. — Atmospheric  transmission,  Washington. 


Wave 

length. 

Atmospheric  transmission. 

Wave 

length. 

Atmospheric  transmission. 

Wave 

length. 

Atmospheric  transmission. 

Mean. 

Feb.  15. 

May  14. 

Mean. 

Feb.  15. 

May  14. 

Mean. 

Feb.  15. 

May  14. 

0.  3853 

0.  430 

0.  327 

0.  4861 

0.  689 

0.  826 

0.  583 

0.877 

0.  883 

0.  938 

0.  840 

.3897 

.445 

.421 

.4974 

.702 

.837 

.  619 

.946 

.892 

.942 

.855 

.3942 

.499 

0.  708 

.463 

.5094 

.  710 

.837 

.649 

1.  034 

.906 

.968 

.879 

.3991 

.535 

.773 

.461 

.5226 

.717 

.845 

.650 

1. 127 

.912 

.957 

.883 

.4042 

.553 

.718 

.468 

.5370 

.725 

.832 

.673 

1.  239 

.915 

.955 

.912 

.4091 

.564 

.728 

.492 

.5525 

.740 

.843 

.705 

1.  367 

.917 

.951 

.953 

.4147 

.575 

.741 

.506 

.5697 

.745 

.845 

.686 

1.  508 

.923 

.955 

.977 

.4210 

.587 

.785 

.547 

.5889 

.751 

.863 

.711 

1.  648 

.933 

.957 

.982 

.4275 

.594 

.736 

.532 

.6098 

.768 

.875 

.705 

1.  786 

.926 

.948 

.4343 

.611 

.734 

.573 

.6333 

.791 

..  875 

.755 

1.  924 

.916 

.902 

.4417 

.631 

.746 

.592 

.6610 

.815 

.916 

.759 

2.  060 

.904 

.929 

.4494 

.639 

.766 

.537 

.6925 

.835 

.899 

.773 

2. 196 

.909 

.933 

.4578 

.647 

.782 

.552 

.7280 

.850 

.910 

.794 

2.  316 

.894 

.925 

.4666 

.666 

.818 

.594 

.7690 

.860 

.925 

.802 

2.  428 

.875 

.  908 

.4762 

.674 

.836 

.597 

.8180 

.871 

.935 

.828 

The  transmission  coefficients  above  given,  and  others  to  follow,  are  computed 
from  smoothed  curve  readings  on  the  bolographs.  This  makes  no  difference  in  the 
visible  spectrum,  but  at  such  a  wave-length  as  1.127,  for  example,  which  occurs  in 
the  great  water- vapor  absorption  band  cp ,  a  transmission  coefficient  much  less  than 
0.912  would  be  found  if  the  readings  were  made  on  the  actual  bolographic  curves 
themselves.  The  values  here  given  represent,  as  nearly  as  we  know  them,  the 
vertical  transmission  of  such  an  atmosphere  as  ours  if  there  were  no  selective  absorp¬ 
tion  by  its  water-vapor  and  other  gases. 

As  the  quantity  of  water  vapor  present  in  the  atmosphere  is  often  a  rough 
index  of  the  haziness  or  opacity  prevailing,  we  have  added  to  the  data  formerly  pub¬ 
lished  in  Annals,  volume  II,  the  absolute  humidity  prevailing  at  the  earth’s  surface. 

Prevailing  humidity  at  Washington. 


mm. 

Mean  for  all  days  included  in  finding  mean  transmission .  6.  84 

Feb.  15,  1907 .  1.45 

May  14,  1907 .  14.60 
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(6)  AT  BASSOUR,  ALGERIA. 

[Latitude  36°  13'  N.,  longitude  2°  51'  30”  E., elevation  1,160  meters  (3,806  feet).] 

Owing  to  the  use  of  an  ultra-violet  crown  glass  prism  and  speculum  metal 
mirrors,  it  was  possible  to  observe  at  Bassour  as  far  in  the  ultra-violet  as  wave  length 
0.3063  p.  The  solar  rays  recorded  were  here  so  feeble,  however,  that  the  faint  stray 
light  from  the  stronger  parts  of  the  spectrum  probably  formed  a  very  considerable 
proportion  of  the  radiation  observed  at  this  short  wave  length.  Indeed  stray  light 
doubtless  produces  appreciable  error  in  all  the  Bassour  transmission  coefficients  for 
wave  lengths  less  than  0.3306  p.  In  1911  the  mirror  surfaces  became  tarnished  in 
transit  to  Algeria,  and  could  not  be  fully  restored,  so  that  stray  light  was  more 
harmful  in  1911  than  in  1912.  Table  46  gives  transmission  coefficients  for  9  selected 
days,  prior  to  June  19,  1912,  and  then’  mean;  also  2  selected  days  of  August,  1912, 
and  their  mean.  The  reader  may  thus  see  the  effect  of  the  volcanic  dust  from 
Mount  Katmai.1  The  mean  absolute  humidity  observed  at  the  earth’s  surface  and 
the  mean  depth  of  precipitable  water  in  a  vertical  column  through  the  atmosphere 
as  determined  from  the  infra-red  water  vapor  bands  in  the  holographs  may  be  found 
in  Tables  37,  38,  and  40. 

Table  46. — Atmospheric  transmission,  Bassour  and  Mount  Whitney. 


Bassour,  Algeria. 

Mount  Whitney,  California. 

Wave 

length. 

Aug.  30, 
1911. 

Sept.  4, 
1911. 

Sept.  25, 
1911. 

Oct.  3, 
1911. 

Nov.  7, 
1911. 

June  2, 
1912. 

June  9, 
1912. 

June  15, 
1912. 

June  17, 
1912. 

Mean. 

Aug.  5, 
1912. 

Aug.  14, 
1912. 

Mean. 

Wave 

length. 

Sep.  3, 
1909. 

Aug.  12, 
1910. 

Aug.  13, 

1910. 

Aug.  14, 

1910. 

Mean. 

ft 

0.3063 

.3137 

.3218 

0. 600 

.596 

0.776 

0.865 

.827 

0.865 

.716 

0.879 

.824 

0. 708 

.575 

0.794 

.631 

0.785 

.706 

0.676 

.501 

0.776 

0.676 

.638 

V 

0. 306 

.316 

0. 759 

.668 

0.571 

.635 

0.624 

0.753 

.631 

0.694 

.640 

0.745 

.513 

.698 

.733 

.662 

.589 

.434 

0.486 

.603 

.607 

.380 

.505 

.442 

.327 

.649 

.638 

.601 

.650 

.634 

.3306 

.588 

.474 

.617 

.626 

.569 

.556 

.491 

.482 

.575 

.553 

.406 

.476 

.441 

.340 

.681 

.668 

.724 

.693 

.692 

.3404 

.575 

.476 

.603 

.603 

.565 

.543 

.537 

.527 

.582 

.557 

.449 

.476 

.462 

.354 

.725 

.738 

.734 

.701 

.724 

.3513 

.570 

.489 

.618 

.605 

.591 

.562 

.589 

.562 

.617 

.578 

.476 

.489 

.482 

.368 

.779 

.766 

.750 

.759 

.764 

.3635 

.564 

.555 

.646 

.627 

.621 

.582 

.646 

.575 

.638 

.611 

.521 

.522 

.521 

.388 

.786 

.843. 

.755 

.807 

.798 

.3783 

.585 

.595 

.693 

.648 

.673 

.647 

.624 

.641 

.668 

.642 

.524 

.548 

.536 

.412 

.836 

.818 

.803 

.822 

.820 

.3963 

.603 

.631 

.726 

.724 

.710 

.736 

.692 

.668 

.701 

.688 

.565 

.589 

.577 

.436 

.854 

.832 

.851 

.869 

.852 

.4163 

.713 

.649 

.730 

.745 

.739 

.678 

.741 

.733 

.745 

.719 

.604 

.607 

.606 

.470 

.886 

.887 

.927 

.906 

.902 

.4387 

.719 

.690 

.769 

.757 

.774 

.716 

.766 

.750 

.778 

.747 

.612 

.631 

.621 

.515 

.912 

.916 

.953 

.931 

.928 

.4644 

.787 

.730 

.817 

.803 

.817 

.791 

.809 

.776 

.792 

.791 

.641 

.679 

.660 

.574 

.928 

.938 

.929 

.933 

.932 

.4946 

.814 

.785 

.847 

.842 

.854 

.813 

.855 

.832 

.849 

.832 

.676 

.708 

.692 

.655 

.956 

.951 

.957 

.955 

.955 

.5325 

.856 

.822 

.875 

.857 

.870 

.813 

.859 

.841 

.873 

.852 

.693 

.716 

.704 

.756 

.975 

.962 

.979 

.975 

.973 

.5827 

.871 

.855 

.893 

.871 

.889 

.834 

.867 

.861 

.895 

.871 

.716 

.736 

.726 

.928 

.989 

.979 

.984 

.975 

.982 

.6148 

.888 

.876 

.909 

.889 

.903 

.849 

.897 

.873 

.895 

.887 

.741 

.759 

.750 

1.138 

.987 

.935 

.979 

.975 

.969 

.6495 

.910 

.902 

.930 

.909 

.917 

.879 

.897 

.902 

.908 

.906 

.759 

.776 

.767 

.384 

,923 

.982 

.993 

.966 

.6885 

.933 

.925 

.949 

.926 

.930 

.904 

.925 

.929 

.918 

.927 

.787 

.794 

.790 

.618 

.947 

.973 

.993 

.938 

.963 

.7340 

.957 

.951 

.962 

.938 

.944 

.914 

.933 

.940 

.938 

.942 

.811 

.809 

.810 

.828 

.933 

.982 

.953 

.938 

.952 

.7840 

.963 

.963 

.965 

.951 

.958 

.927 

.948 

.962 

.962 

.955 

.820 

.826 

.823 

2.018 

.926 

.982 

.904 

.912 

.931 

.8450 

.976 

.973 

.976 

.961 

.972 

.929 

.959 

.966 

.962 

.964 

.828 

.849 

.838 

.180 

.960 

.986 

.968 

.973 

.972 

.9155 

.975 

.974 

.987 

.966 

.982 

.940 

.955 

.964 

.970 

.968 

.828 

.863 

.845 

.333 

.914 

.991 

.962 

.980 

.962 

.9950 

.944 

.962 

.989 

.968 

.986 

.948 

.957 

.980 

.973 

.967 

.830 

.877 

.853 

.475 

.918 

.966 

.980 

.955 

1.084 

.977 

.955 

.996 

.968 

.982 

.946 

.959 

.977 

.973 

.970 

.820 

.881 

.850 

.608 

.758 

.849 

.959 

.953 

.880 

.178 

.983 

.960 

.998 

.969 

.976 

.953 

.955 

.957 

.975 

.970 

.845 

.893 

.869 

.735 

.929 

.918 

.953 

.933 

.274 

.983 

.972 

.996 

.969 

.975 

.968 

.959 

.948 

.968 

.971 

.871 

.900 

.885 

.856 

.881 

.970 

.980 

.944 

.368 

(.991) 

.981 

.989 

.968 

.980 

.982 

.951 

.942 

.977 

.973 

.879 

.900 

.890 

.975 

.843 

.970 

.973 

.929 

i  See  also  “  Volcanoes  and  climate  ”  in  the  Appendix. 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATOEY. 


137 


Table  46. — Atmospheric  transmission,  Bassour  and  Mount  Whitney — Continued. 


Bassour,  Algeria. 

Mount  Whitney,  California. 

Wave 

length. 

Aug.  30, 

1911. 

Sept.  4, 
1911. 

Sept.  25, 
1911. 

Oct.  3, 

1911. 

Nov.  7, 

1911. 

June  2, 

1912. 

June  9, 

1912. 

June  15, 

1912. 

June  17, 

1912. 

Mean. 

Aug.  5, 

1912. 

Aug.  14, 

1912. 

Mean. 

Wave 

length. 

Sept.  3, 

1909. 

Aug.  12, 

1910. 

Aug.  13, 

1910. 

Aug.  14, 

1910. 

Mean. 

V- 

1.464 

(.989) 

.969 

.987 

.968 

.980 

.975 

.959 

.944 

.975 

.972 

.895 

.927 

.911 

3.080 

.877 

.966 

.906 

.916 

.556 

(.990) 

.971 

.986 

.970 

.982 

.975 

.968 

.968 

.970 

.976 

.904 

.933 

.918 

.186 

.857 

.957 

.938 

.917 

.645 

(.990) 

.970 

.987 

.975 

.982 

.970 

.962 

.975 

.962 

.975 

.912 

.927 

.920 

.733 

(.989) 

.955 

.991 

.982 

.977 

.973 

.957 

.984 

.973 

.976 

.900 

.923 

.912 

.817 

.987 

.969 

.997 

.985 

.979 

.975 

.951 

.970 

.962 

.975 

.906 

.925 

.916 

.898 

.981 

.965 

.989 

.981 

.981 

.982 

.948 

.966 

.968 

.973 

.895 

.925 

.910 

.975 

.975 

.954 

.974 

.976 

.982 

.982 

.923 

.966 

.959 

.966 

.891 

.935 

.913 

2.049 

.968 

.944 

.966 

.970 

.980 

.964 

.897 

.970 

.944 

.956 

.859 

.946 

.902 

.120 

.980 

.946 

.961 

.964 

.973 

.946 

.887 

.980 

.955 

.935 

.953 

.944 

.255 

.980 

.935 

.976 

.947 

.965 

.923 

.933 

.838 

.937 

.897 

.935 

.916 

.392 

.901 

.751 

.869 

.937 

.880 

.748 

.974 

.818 

.818 

.855 

.813 

.897 

.855 

(c)  AT  MOUNT  WILSON. 

[Latitude  34°  12'  55"  N.,  longitude  118°  03'  34"  W.,  elevation  1,727  meters  (5,665  feet).] 

The  values  published  in  Annals,  Volume  II,  pages  110,  111,  for  the  vertical  trans¬ 
mission  at  Mount  Wilson  should  all  be  increased  by  adding  0.011.  This  error  was 
brought  about  by  failure  to  observe  far  enough  in  the  ultra-violet.  Correction 
factors  found  by  comparing  the  bolographic  areas  with  the  pyrheliometer  readings 
always  indicated  a  decreasing  sensitiveness  of  the  bolometer  with  rising  solar 
altitude.  This  supposed  change  of  sensitiveness  was  mainly  unreal,  and  due  to 
neglect  of  the  ultra-violet,  hence  the  correction  described  in  the  Annals,  Volume  II, 
pages  56  and  77,  while  it  gave  us  approximately  true  solar  constant  values,  gave  us 
atmospheric  transmission  coefficients  about  1.1  per  cent 2  too  low.  Another  source  of 
error  affects  the  values  published  in  Annals,  Volume  II,  pages  110,  111,  for  there 
was  no  attention  paid  to  the  uniformity  of  the  galvanometer  scale.  But  as  stated 
in  Volume  II,  page  78,  this  error  must  have  been  very  small. 

As  a  more  correct  statement  of  the  atmospheric  transmission  above  Mount 
Wilson,  we  give  the  following  table.  It  contains  transmission  coefficients  for  14 
selected  days  of  1909,  1910,  1911,  and  1912,  their  mean,  and  the  mean  absolute 
humidity  at  the  earth’s  surface  for  each  year.  Similar  data  follow  for  2  days  of 
August,  1912,  to  show  the  effect  of  volcanic  haze.  At  Mount  Wilson,  as  at  Bas¬ 
sour,  stray  light  affects  the  accuracy  of  the  extreme  ultra-violet  values.  As 
silvered  mirrors  are  employed  on  Mount  Wilson  the  spectrum  can  not  be  observed 
beyond  wave  length  0.3415  [i  and  is  here  so  feeble  that  stray  light  becomes  prejudicial 
to  the  accuracy  of  all  values  beyond  0.3504  p. 


2  Absolute  percentage,  not  percentage  of  the  values  published. 
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Table  47. — Atmospheric  transmission,  Mount  Wilson,  Calijornia. 


Prismatic  de¬ 
viation  from  w  i 

Wave  length. 

1909 

1910 

1911 

1912 

Mean. 

1912 

July  15. 

Aug.  11. 

Oct.  14. 

Nov.  2. 

May  31. 

June  6. 

June  21. 

Oct.  9. 

June  26. 

Aug.  31. 

Sept.  18. 

Nov.  19. 

June  7, 

a.  m. 

June  18. 

Aug.  3. 

Aug.  7. 

Mean. 

240 

0.3415 

0.661 

0.575 

0.497 

0.562 

0.525 

0.556 

0.566 

0.600 

0.627 

0. 684 

0.741 

0.646 

0.611 

0.604 

0.486 

0.579 

0.532 

230 

.3504 

.635 

.617 

.525 

.596 

.531 

0.621 

.590 

.603 

.586 

.624 

.619 

.656 

.653 

.621 

.605 

.512 

.522 

.517 

220 

.3600 

.661 

.665 

.614 

.621 

.589 

.656 

.612 

.631 

.622 

.622 

.665 

.646 

.643 

.643 

.635 

.522 

.552 

.537 

210 

.3709 

.676 

.695 

.627 

.668 

.646 

.686 

.653 

.640 

.653 

.647 

.638 

.674 

.693 

.590 

.656 

.537 

.543 

.540 

200 

.3838 

.659 

.725 

.670 

.631 

.753 

.700 

.682 

.667 

.653 

.652 

.687 

.731 

.706 

.684 

.686 

.627 

.600 

.613 

190 

.3974 

.726 

.743 

.693 

.716 

.753 

.713 

.698 

.738 

.695 

.692 

.741 

.746 

.769 

.736 

.726 

.656 

.617 

.636 

180 

.4127 

.767 

.760 

.710 

.774 

.700 

.769 

.746 

.741 

.748 

.750 

.804 

.769 

.778 

.759 

.741 

.618 

.647 

.632 

170 

.4307 

.796 

.813 

.741 

.802 

.745 

.794 

.764 

.764 

.778 

.767 

.813 

.811 

.783 

.804 

.784 

.582 

.687 

.634 

160 

.4516 

.836 

.813 

.783 

.818 

.769 

.836 

.789 

.804 

.800 

.826 

.838* 

.843 

.836 

.771 

.812 

.638 

.693 

.665 

150 

.4753 

.855 

.841 

.809 

.855 

.791 

.857 

.863 

.794 

.836 

.853 

.877 

.853 

.863 

.826 

.841 

.679 

.726 

.702 

140 

.5026 

.863 

.855 

.855 

.873 

.805 

.877 

.879 

.843 

.847 

.891 

.904 

.881 

.885 

.847 

.865 

.703 

.743 

.723 

130 

.5348 

.889 

.883 

.873 

.889 

.838 

.889 

.883 

.873 

.875 

.900 

.897 

.895 

.887 

.875 

.882 

.731 

.767 

.749 

120 

.5742 

.891 

.879 

.869 

.893 

.861 

.895 

.889 

.871 

.867 

.891 

.925 

.900 

.900 

.887 

.887 

.733 

.769 

.751 

115 

.5995 

.877 

.881 

.912 

.918 

.910 

.908 

.895 

.900 

.726 

.785 

.755 

110 

.6238 

.920 

.910 

.887 

.916 

.891 

.923 

.916 

.887 

.902 

.918 

.927 

.925 

.918 

.933 

.912 

.759 

.794 

.776 

105 

.6530 

.895 

.916 

.935 

.942 

.940 

.953 

.946 

.932 

.773 

.804 

.788 

100 

.6858 

.959 

.933 

.927 

.957 

.931 

.944 

.942 

.906 

.940 

.953 

.955 

.946 

.942 

.957 

.942 

.804 

.832 

.818 

95 

.7200 

.933 

.948 

.966 

.966 

.962 

.948 

.973 

.957 

.820 

.845 

.832 

90 

.7644 

.977 

.957 

.965 

.977 

.944 

.970 

.970 

.951 

.955 

.977 

.968 

.973 

.966 

.973 

.965 

.834 

.851 

.842 

85 

.8085 

.968 

.957 

.984 

.975 

.982 

.959 

.975 

.971 

.841 

.857 

.849 

80 

.8634 

.980 

.966 

.970 

.977 

.959 

.989 

.977 

.982 

.957 

.989 

.977 

.982 

.957 

.964 

.973 

.851 

.873 

.862 

75 

.9215 

.984 

.959 

.989 

.980 

.984 

.964 

.966 

.975 

.867 

.879 

.873 

70 

.9861 

.977 

.980 

.980 

.984 

.984 

.986 

.995 

.982 

.964 

.991 

.980 

.986 

.977 

.975 

.981 

.877 

.883 

.880 

65 

1.0640 

.980 

.959 

.986 

.984 

.986 

.977 

.980 

.979 

.875 

.900 

.887 

60 

1. 1474 

.989 

.989 

.991 

.982 

.966 

.962 

.975 

.986 

.953 

.973 

.984 

.991 

.975 

.980 

.978 

.885 

.900 

.892 

55 

1.2230 

.986 

.951 

.968 

.973 

.989 

.980 

.980 

.975 

.893 

.904 

.898 

50 

1.3019 

.991 

.991 

.993 

.991 

.955 

.977 

.986 

.973 

.959 

.977 

.966 

.989 

.966 

.989 

.979 

.902 

.910 

.906 

45 

1.3800 

.966 

.955 

.975 

.973 

.989 

.964 

.986 

.973 

.904 

.916 

.910 

40 

1.4520 

.986 

.986 

.975 

.993 

.964 

.977 

.993 

.962 

.955 

.991 

.970 

.993 

.964 

.977 

.978 

.918 

.916 

.917 

35 

1.5285 

.957 

.962 

.995 

.975 

.993 

.966 

.984 

.976 

.931 

.931 

.931 

30 

1.6032 

.984 

.989 

.973 

.968 

.998 

.989 

.984 

.957 

.966 

.993 

.973 

.986 

.966 

.975 

.979 

.940 

.929 

.934 

25 

1.6700 

.948 

.962 

.993 

.975 

.993 

.959 

.966 

.971 

.946 

.920 

.933 

20 

1. 7378 

.982 

.980 

.982 

.993 

.986 

.991 

.982 

.948 

.951 

.993 

.968 

.995 

.953 

.977 

.977 

.944 

.918 

.931 

10 

1.8700 

.977 

.970 

.973 

.989 

.959 

.982 

.998 

.953 

.953 

.991 

.968 

.991 

.951 

.964 

.973 

.944 

.929 

.936 

0 

2. 0000 

.975 

.984 

.973 

.977 

.980 

.944 

.951 

.962 

.984 

.966 

.982 

.948 

.953 

.968 

.906 

.910 

.908 

-  10 

2. 1232 

.984 

.980 

.968 

.982 

.973 

.984 

.980 

.938 

.929 

.982 

.964 

.982 

.980 

.980 

.972 

.942 

.951 

.946 

-  20 

2.2416 

.964 

.959 

.923 

.998 

.982 

.955 

.968 

.975 

.914 

.973 

.970 

.973 

.955 

.966 

.962 

.929 

.953 

.941 

-  30 

2. 3481 

.951 

.853 

.904 

.993 

.929 

.966 

.910 

.902 

(.881) 

.933 

.977 

.931 

.904 

.955 

.928 

.902 

.923 

.912 

-  40 

2.4424 

.944 

.748 

.895 

.938 

.820 

.869 

Mean  pressure  aqueous  vapor  in  millimeters  mercury:  1909,  3.48;  1910,  5.95;  1911,  3.80;  1912,  3.26. 


(d)  AT  MOUNT  WHITNEY,  CALIFORNIA. 

[Latitude  36° 34' 44"  N,  longitude  118°17'29"  W,  elevation  4,420  meters  (14,502  feet).] 

The  Mount  Whitney  values  of  Table  46  are  of  uncommon  interest  because 
obtained  at  so  great  an  elevation  that  dust  and  water  vapor  are  mainly  left 
behind.  It  is  regrettable  that  the  spectro-bolometer  did  not  contain  the  speculum 
metal  mirrors  and  ultra-violet  glass  prism  which  were  used  for  it  in  Algeria.  The 
quartz  prism  and  magnalium  mirrors  employed  at  Mount  Whitney  were  attended 
by  considerable  stray  light,  so  that  although  measurements  extended  as  far  as 
0.29  (U  in  the  ultra  violet,  the  transmission  coefficients  are  evidently  appreciably 
too  high  beyond  the  wave-length  0.327  p.  Here,  as  at  other  stations,  slight 
changes  in  the  humidity  during  the  progress  of  each  day’s  series  affect  strongly 
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the  infra-red  region,  so  that  the  values  beyond  1.8  (i  are  of  less  weight  than 
others.  Table  37,  Chapter  IV,  includes  the  values  of  absolute  humidity  at  the 
station  as  determined  by  the  sling  psychrometer,  and  (for  the  later  years)  the 
quantity  of  precipitable  water  in  a  vertical  column  through  the  atmosphere  as 
determined  from  bolographs. 

4.  THE  DISTRIBUTION  OF  ENERGY  IN  THE  SOLAR  SPECTRUM  AND  THE 

SOLAR  TEMPERATURES. 

We  have  never  obtained  fully  satisfactory  determinations  of  the  relative 
distribution  of  energy  in  the  solar  spectrum  as  it  is  outside  the  atmosphere,  although 
we  have  made  many  efforts  in  this  direction.  Four  principal  factors  enter,  namely 
the  bolographs,  the  atmospheric  transmission,  the  reflecting  power  of  the  coelostat, 
and  the  transmission  of  the  spectroscope.  If  we  had  had  a  spectroscope  of  constant 
transmission,  we  believe  that  very  satisfactory  results  would  have  been  obtained. 
But  the  silvered  mirrors  of  the  spectroscope  change  in  their  reflecting  power  from 
day  to  day,  especially  in  the  ultra-violet,  and  especially  if  the  observer  must  be 
frequently  in  their  vicinity.  Hence  the  somewhat  large  error  of  a  single  determina¬ 
tion  of  the  transmission  of  the  spectroscope  can  not  be  reduced  by  the  usual  method 
of  repeating  the  observations  many  times  with  varying  conditions,  for  during 
this  process  the  silvered  mirrors  would  be  deteriorating  and  they  would  continue 
to  deteriorate  so  that  the  result  of  the  repetitions  would  be  useless  for  subsequent 
operations.  Speculum-metal  mirrors  have  been  adopted  for  the  Algerian  spectro- 
bolometer,  but  we  have  not  yet  obtained  two  pairs  of  speculum-metal  mirrors  for 
the  two  spectroscopes  required  in  the  determination  of  spectroscopic  transmission. 

In  these  circumstances  we  have  contented  ourselves  with  making  campaigns 
of  three  or  four  days  duration  once  or  twice  each  year,  on  Mount  Wilson,  and  in 
the  course  of  each  campaign  have  made  several  complete  independent  determina¬ 
tions  of  all  the  four  factors  entering  into  the  computation  of  the  distribution  of 
energy  in  the  solar  spectrum  outside  the  atmosphere.  In  the  early  days  of  the 
research  we  made  several  such  complete  determinations  at  Washington  also  for 
a  portion  of  the  spectrum.  We  determined  the  transmission  of  the  quartz-magna- 
lium  spectroscope  at  Mount  Wilson  several  times  shortly  before  the  Mount  Whitney 
expeditions  of  1909  and  1910,  respectively;  and  as  these  determinations  showed 
no  change  in  the  transmission  of  that  spectroscope  and  as  the  mirrors  looked  well 
when  used  on  Mount  Whitney,  we  have  felt  warranted  in  assuming  that  no  change 
occurred  between  the  time  of  the  Mount  Wilson  and  Mount  Whitney  observations 
of  each  year,  so  that  we  have  computed  energy  curves  from  the  Mount  Whitney 
observations. 

The  results  of  these  determinations  and  a  discussion  of  them  with  reference 
to  the  probable  temperature  of  the  sun  will  be  found  in  the  appendix.  We  hope 
in  coming  years  to  devote  more  attention  to  this  interesting  subject. 


Chapter  VI. 


THE  BRIGHTNESS  OF  THE  SKY. 

In  Volume  II  of  these  Annals  there  were  described  some  experiments  made 
on  Mount  Wilson  in  1905  and  1906  on  the  distribution  and  intensity  of  the  total 
radiation  diffusely  reflected  from  the  sky.  Further  experiments  along  this  line 
were  made  on  Flint  Island  in  the  South  Pacific  Ocean  in  1907  during  the  stay  of 
the  expedition  for  the  observation  of  the  total  eclipse  of  January  3,  1908.  Still 
further  measurements  of  a  similar  kind  were  made  upon  Mount  Whitney  in  Cali¬ 
fornia,  in  August,  1910,  and  at  Bassour,  Algeria,  in  September,  1912. 

FLINT  ISLAND  SKY  RADIATION  EXPERIMENTS. 

The  apparatus  used  on  Flint  Island  was  that  which  had  been  arranged  for  the 
observation  of  the  brightness  of  the  solar  corona.  It  consisted  of  a  silver-on-glass 
mirror  50  cm.  in  diameter  and  of  1  m.  focus.  In  the  focus  of  this  was  placed  a 
bolometer.  The  bolometer  was  of  about  1  mm.  in  width  and  it  was  cut  down  to 
about  1  mm.  in  length  by  a  small  aperture  in  a  diaphragm  placed  immediately 
above  the  strip  of  the  bolometer.  A  glass  plate  3  mm.  thick  was  situated  just 
above  this  diaphragm  so  that  the  radiation  of  the  bolometer  to  space,  depending 
upon  the  temperature  of  the  bolometer,  was  cut  off,  for  the  long-wave  radiation 
proper  to  the  temperature  of  the  bolometer  strip  is  not  transmissible  by  such  a 
plate  of  glass. 

Several  diaphragms  with  apertures  of  different  sizes  were  arranged  to  be  placed 
upon  the  concave  mirror  so  that  the  galvanometer  deflection  could  be  regulated 
relatively  to  the  brightness  of  the  object  examined.  The  purpose  of  the  experi¬ 
ments  was  to  compare  the  brightness  of  the  sky  in  different  parts  with  that  of  the 
sun.  As  the  brightness  of  the  sun  is  of  the  order  of  100,000  times  the  brightness 
of  the  sky  for  equal  angular  areas,  it  is  necessary  in  such  work  to  arrange  contrivances 
for  reducing  the  intensity  of  solar  radiation  to  the  same  order  of  magnitude  as  that 
of  the  sky.  In  the  work  at  Flint  Island  this  was  accomplished :  First,  by  using  a 
5,000  times  smaller  aperture  at  the  concave  mirror  for  the  sun  than  for  the  sky; 
second,  by  placing  in  the  solar  beam  a  rotating  sector  which  reduced  the  intensity 
by  about  twenty-twofold;  and  third,  by  inserting  in  series  with  the  galvanometer 
a  resistance  which  could  be  fixed  at  any  desired  quantity. 
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To  secure  measurements  of  accuracy  it  is  necessary  to  protect  the  bolometer 
from  exposure  to  sunlight  scattered  from  the  mirror  surface  and  mounting.  No 
provision  was  easily  available  at  Flint  Island  for  shading  the  mirror  surface  and 
diaphragm  surface,  and  no  more,  from  the  rays  of  the  sun.  Nothing  could  be  done 
in  the  way  of  shading  them  except  by  an  umbrella  held  in  the  hand  of  one  of  the 
observers,  which  of  course  shaded  too  much.  Hence,  it  was  not  convenient  to 
observe  very  near  the  direction  of  the  sun,  lest  stray  sunlight  reflected  should 
exceed  the  skylight  in  brightness.  The  sky  was  cloudy  on  so  many  days  that  the 
experiments  were  comparatively  few  in  number,  so  that  they  are  hardly  worth 
extensive  description  here.  Accordingly,  merely  a  summary  of  their  results  will 
be  given: 

SUMMARY  OF  16  OBSERVATIONS  OF  THE  BRIGHTNESS  OF  THE  SKY  MADE  AT  FLINT  ISLAND 
DECEMBER  29,  1907,  BETWEEN  THE  HOURS  9»  45“  AND  10"  40“  A.  M„  SOLAR  APPARENT  TIME. 

Measurements  compared  with  radiation  of  the  sun  observed  four  times  during 
the  experiments.  Ratios  of  sky  brightness  to  sun  brightness  were  treated  graphically 
with  reference  to  the  altitude  and  azimuth  of  the  sky  positions.  In  this  way  the 
average  brightness  of  sky  zones  of  different  zenith  distances  was  fixed  as  follows. 
The  measurements  refer  to  equal  areas  of  sky  and  of  the  central  part  of  the  sun’s 
disk. 

Table  48. — Brightness  of  the  shy  at  Flint  Island. 


I.  Zenith  distance  of  zone . 

0°-15° 

15°-35° 

35°-50° 

50°-60° 

60°-70° 

70°-80° 

80°-90° 

II.  Area  of  zone  in  hemispheres . 

0. 034 

0. 147 

0. 176 

0. 143 

0. 158 

0. 168 

0. 174 

III.  Cosine  of  zenith  distance . . . 

0.  98 

0. 91 

0. 73 

0. 57 

0.42 

0.26 

0. 087 

sky 

IV.  107  X  mean  ratio  — . . . . 

.  sun 

150 

40 

52 

61 

66 

70 

72 

V.  Product  (II)  by  IV.. . 

5. 10 

5.88 

9.15 

8. 72 

10.43 

11. 76 

12.53 

VI.  Product  II  X  HI  X  IV . . . 

5.00 

5. 35 

6.68 

4.97 

4.39 

3.05 

1.09 

Summing  up  lines  V  and  VI,  we  find  the  average  brightness  of  a  portion  of 
the  sky  equal  in  angular  area  to  the  sun  as  compared  with  the  brightness  of  the  sun : 
First,  as  received  on  a  surface  at  right  angles  to  the  beam  in  both  cases;  second, 
with  skylight  received  on  a  horizontal  surface  and  sunlight  received  normally. 
The  measurements  include  all  rays  transmissible  by  a  glass  plate  3  mm.  thick.  The 
sun  subtended  11.2  x  10~6  hemisphere  on  this  day,  and  from  this  we  find  the  total 
brightness  of  the  whole  sky.  The  final  results  follow: 


Ratio  of  total  radiations:  SJcy  to  sun. 


For  equal  angular  areas. 

For  the  -whole  sky. 

Normal 

incidence. 

Sky  on 
horizontal. 

Normal 

incidence. 

Sky  on 
horizontal. 

636X10-8 

3Q2X10~S 

0.57 

0. 27 

ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


143 


Thus  according  to  these  measurements,  which  are  however  too  few,  the  sky  at  sea 
level  on  this  occasion  furnished  to  a  horizontal  surface  27  per  cent  as  much  radiation 
as  the  direct  sun  to  a  surface  of  equal  area  at  right  angles  to  the  sun  beam. 

At  noon  on  December  29  the  intensity  of  solar  radiation  in  the  direct  beam  was 
1.326  calories  per  square  centimeter  per  minute  by  Smithsonian  Revised  Pyrheli- 
ometry. 

MOUNT  WHITNEY  SKY  RADIATION  EXPERIMENTS. 

Prior  to  the  experiments  on  Mount  Whitney  a  special  radiation  apparatus  had 
been  prepared.  This  consisted  of  a  bolometer  mounted  equatorial!}’  and  having  a 
tube  nearly  a  meter  long  and  about  10  cm.  in  diameter  projecting  from  it  toward 
the  sun.  Within  this  tube,  and  at  about  30  cm.  from  the  bolometer,  was  a  quartz 
lens  9.7  cm.  in  diameter  whose  focus  was  at  the  bolometer  strip.  This  lens  served 
the  double  purpose  of  limiting  the  field  of  view  of  the  bolometer  to  a  very  small  angle 
and  of  preventing  the  exchange  of  long-wave  radiation  between  the  bolometer  and 
the  sky.  The  bolometer  strip  was  0.8  mm.  wide.  Its  exposed  length  was  cut  down 
by  a  diaphragm  so  that  a  surface  only  about  1  mm.  by  0.8  mm.  in  area  was 
exposed  to  the  rays.  Hence  the  radiations  received  were  confined  to  an  angular  area 
of  only  about  one-ninth  that  of  the  sun.  The  tube,  about  1  meter  long,  was  employed 
in  order  to  shade  the  lens  from  light  from  the  sun  or  from  bright  parts  of  the  sky 
which  might  thus  indirectly  affect  the  bolometer. 

The  manner  of  operating  the  apparatus  for  sky  observations  was  to  point  the 
tube  toward  a  desired  part  of  the  sky  whose  declination  and  right  ascension  were 
determined  by  graduated  circles.  A  shutter  in  the  hands  of  one  of  the  observers 
was  interposed,  thus  giving  the  zero  of  the  galvanometer  scale.  Taking  off  the 
shutter  the  galvanometer  deflection  was  obtained.  For  the  various  parts  of  the  sky 
observed  on  Mount  Whitney  this  ranged  from  100  mm.  down. 

When  observing  with  the  instrument  upon  the  sun,  a  diaphragm  with  a  very 
small  aperture  was  placed  above  the  end  of  the  long  tube,  and  a  rotating  sector  was 
placed  above  this  diaphragm  so  that  the  sun’s  rays  were  reduced  first  by  the  rotating 
sector,  and  second  by  stopping  down  the  size  of  the  aperture  from  that  of  the  quartz 
lens  to  that  of  the  small  diaphragm  employed.  The  sun  was  allowed  to  drift  in 
right  ascension  across  the  bolometer  strip  several  times  in  succession  and  the  mean 
maximum  deflection  so  produced  was  determined.  The  rotating  sector  and  the 
small  diaphragm  not  being  quite  sufficient  to  reduce  the  intensity  of  the  solar  beam 
to  that  of  the  sky,  a  series  resistance  was  placed  in  the  galvonometer  circuit. 

In  order  to  determine  the  reduction  factor  caused  by  the  interposition  of  the 
rotating  sector,  the  diaphragm,  and  the  series  resistance,  several  steps  had  to  be 
taken,  as  follows :  First,  as  to  the  rotating  sector.  This  sector  is  the  same  described 
as  “H”  on  page  138  of  Volume  II  of  the  Annals  and  as  determined  there  it  reduced 
the  intensity  of  the  beam  in  the  ratio  0.0450.  The  effect  of  the  diaphragm  was 
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determined  in  two  ways :  First,  its  area  was  measured  and  compared  with  the  area 
of  the  quartz  lens,  but  as  the  aperture  of  the  diaphragm  was  only  about  3  mm.  in 
diameter,  the  accuracy  of  this  method  was  not  sufficient.  Accordingly,  in  experi¬ 
ments  made  later  on  Mount  Wilson,  the  effect  of  the  aperture  was  determined  by 
noting  the  deflections  produced,  first  with  this  diaphragm,  second  with  one  some¬ 
what  larger,  whose  area  was  large  enough  to  be  accurately  comparable  to  that  of 
the  lens.  The  ratio  of  these  deflections  was  multiplied  by  the  ratio  of  the  aperture 
of  the  quartz  lens  to  that  of  the  intermediate  diaphragm.  Care  was  taken  to  place 
the  diaphragm  at  different  places  on  the  quartz  lens  with  respect  to  the  center  of 
the  lens  so  as  to  make  a  correction  (which  was,  however,  only  a  small  one)  for  the 
difference  in  efficiency  of  different  parts  of  the  lens.  Third,  as  to  the  effect  of  the 
series  resistance.  The  bolometer  used  on  Mount  Whitney,  like  others  which  we 
now  employ,  is  brought  to  balance  by  means  of  a  large  shunt  resistance  placed  to 
affect  the  resistance  of  one  of  the  balancing  coils.  Suppose,  for  example,  the 
resistance  in  the  shunt  be  1,000  ohms  and  the  change  of  1  ohm  in  the  shunt  produces 
15  centimeters  deflection  in  the  galvanometer.  Then  if  the  galvanometer’s  sensi¬ 
tiveness  be  altered  by  the  interposition  of  an  additional  series  resistance,  as,  for 
example,  40  ohms,  so  that  the  change  in  the  shunt  of  1  ohm  will  no  longer  produce 
15  centimeters  but  some  other,  let  us  say  for  instance  10  centimeters,  by  such  a 
process  it  would  appear  that  the  sensitiveness  of  the  galvanometer  is  decreased  in 
the  ratio  of  10  to  15  by  the  interposition  of  this  series  resistance.  It  was  in  this 
manner  that  the  effect  of  the  series  resistance  in  use  of  Mount  Whitney  was 
determined. 

MOUNT  WHITNEY,  AUGUST  17,  1910— SKY  OF  HIGHEST  EXCELLENCE. 

First  series:  Begun  8h  15m,  ended  9h  2m,  Pacific  standard  time.  Sky  brightness 
observed  in  38  positions,  distributed  over  all  parts  of  the  sky  between  altitudes 
4°  and  75°  and  from  azimuth  0°  to  355°.  Measurements  were  made  on  the  sun 
immediately  before  and  after  the  series. 

Second  series:  Begun  9h  33m,  ended  10h  5m,  Pacific  standard  time.  Observed  34 
sky  positions.  Sun  observed  immediately  before  and  after  the  series. 

Third  series:  Begun  10h  58m,  ended  llh  34m,  Pacific  standard  time.  Observed 
36  sky  positions,  including  4  positions  very  near  the  sun,  at  solar  distances  specially 
determined  by  linear  measurements  of  the  position  of  a  pinhole  image  of  the  sun 
with  respect  to  the  tube.  Sun  observed  immediately  before  and  after  the  series. 

From  the  observed  positions  in  right  ascension  and  declination  as  read  from  the 
circles  of  the  apparatus,  the  positions  in  altitude  and  azimuth  were  computed. 
Omitting  those  observations  which  were  taken  very  near  the  sun,  the  mean  values 
of  the  altitude  and  of  the  deflections  observed  have  been  arranged  in  six  groups, 
for  the  altitudes  0°  to  10°,  10°  to  20°,  20°  to  30°,  30°  to  40°,  40°  to  55°,  55°  to  75°, 
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respectively.  The  observations  were  satisfactorily  concordant,  and  none  were 
rejected  from  the  following  table  excepting  those  which,  as  stated  above,  were 
taken  at  positions  quite  near  the  sun,  where  their  values  would  be  influenced  by 
the  greater  brightness  adjacent  to  the  sun.  The  summary  of  the  work  as  thus 
arranged  follows: 

Table  49. — Brightness  of  the  slcy  at  Mount  Whitney — Details. 


Altitudes  0°- 

10°. 

Altitudes  10°- 

-20°. 

Altitudes  20°-30°. 

Altitudes  30°-40°. 

Altitudes  40°-55°. 

Altitudes  55 

-75°. 

Series. 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

do  flee- 

aiti- 

meas- 

deflee- 

alti- 

meas- 

deflee- 

alti- 

meas- 

deflee- 

alti- 

meas- 

deflee- 

alti- 

meas- 

deflee- 

alti- 

meas- 

tion. 

tude. 

ures. 

tion. 

tude. 

ures. 

tion. 

tude. 

ures. 

tion. 

tude. 

ures. 

tion. 

tude. 

ures. 

tion. 

tude. 

ures. 

I 

11.06 

6. 33 

8 

5. 76 

14.55 

5 

4.75 

21.88 

2 

3.09 

34. 13 

7 

2.70 

44. 56 

7 

2. 37 

65.03 

7 

It 

10.00 

7.03 

7 

6.60 

14.55 

5 

5.35 

21.88 

2 

4. 14 

35.73 

7 

2. 65 

45. 57 

6 

2.42 

65.05 

6 

III 

10. 35 

5.47 

8 

6. 54 

14. 55 

5 

6.25 

21.88 

2 

4.11 

35. 73 

7 

3. 17 

43.63 

4 

3. 16 

65.05 

6 

The  results  of  the  three  series  were  next  plotted  separately,  mean  deflections 
against  mean  altitudes.  From  the  three  plots  were  read  off  the  deflections  corre¬ 
sponding  to  altitudes  5°,  15°,  25°,  35°,  47.5°,  64°,  and  82.5°.  Means  of  the  three 
values  corresponding  to  each  of  these  altitudes  were  taken  to  represent  the  average 
brightness  of  zones  as  given  below.  No  considerable  variations  occurred  between 
the  six  observations  made  on  the  brightness  of  the  sun,  hence  their  mean  was 
taken  to  represent  the  average  effect  of  the  direct  sun  during  the  experiments. 
Reduced  to  the  same  scale  as  the  sky  deflections,  the  observed  solar  intensity 
was  found  to  be  4,060,000.  But  the  observations  were  restricted  to  a  small  angular 
area  at  the  center  of  the  sun’s  disk.  According  to  work  elsewhere  described  in 
this  volume,  the  central  brightness  of  the  sun’s  disk  is  greater  than  its  average 
brightness  in  the  ratio  of  4,060,000  to  3,520,000.  Hence  the  latter  figures  are  to 
be  employed  in  computing  the  ratio  of  sky  brightness  to  sun  brightness.  The  results 
are  now  summarized : 

Table  50. — Brightness  oj  the  shy  at  Mount  Whitney — Summary. 


Altitude  of 
zone. 

Mean 

deflection. 

Mean  sky 
central  sun 
brightness. 

Area  of  zone 
in  hemispheres. 

Cosine  zenith 
distance  of 
zone. 

Column  3  X 
column  4. 

Column  5  x 
column  6. 

0°-10° 

11.26 

320  X10~8 

0.174 

0.087 

56X10-8 

4.  8X10~8 

10  -20 

6.13 

174  X10-8 

.168 

.259 

29  X 10-8 

7.5X10-8 

20  -30 

4.82 

137  X10"8 

.158 

.423 

22  X 10-8 

9.3X10-8 

30  -40 

3.94 

112  X10-8 

.143 

.574 

16X10-8 

9.2X10-8 

40  -55 

3.13 

89.  0  X  10~8 

.176 

.737 

16X10-8 

11.  8X10-8 

55  -75 

2.47 

70.2X10-8 

.147 

.906 

ioxio-8 

9. 1X10-8 

75  -90 

2.07 

58.8X10-8 

.034 

.985 

2X10“8 

2.0X10-8 

Sums. . . 

151  X10“8 

53.7X10"8 
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In  the  table  just  given  the  first  column  gives  the  altitude  of  the  zone  of  the  sky 
considered.  The  second  column,  the  mean  deflection  of  the  galvonometer  within 
this  zone.  The  third  column,  the  ratio  of  the  deflection  upon  the  sky  to  that  from 
the  sun  for  equal  angular  altitudes  and  equal  degrees  of  sensitiveness  of  the  appa¬ 
ratus.  Fourth  column,  the  area  of  the  zone  in  terms  of  the  area  of  a  hemisphere. 
Fifth  column,  the  cosine  of  the  zenith  distance  of  the  mean  belt  of  the  zone.  Sixth 
column  is  the  product  of  columns  3  and  4.  Seventh  column  is  the  product  of 
columns  5  and  6.  To  understand  the  purpose  of  column  6  we  must  recollect  that 
in  order  to  obtain  the  average  brightness  of  the  sky  in  terms  of  the  brightness  of 
the  sun,  one  should  find  the  mean  value  of  column  3,  giving  weight  to  the  brightness 
in  different  zones  in  proportion  to  their  areas.  Accordingly,  the  sum  at  the  bot¬ 
tom  of  column  6  represents  the  weighted  mean  brightness  of  the  sky  of  the  whole 
hemisphere  in  terms  of  the  brightness  of  an  equal  angular  area  of  the  sun.  It  is 
impossible  to  receive  simultaneously  the  light  of  the  whole  sky  perpendicularly  on 
any  single  surface;  for  the  rays  come  from  every  angle  included  within  a  hemisphere 
and  can  not  all  be  collected  at  right  angles  at  one  time  on  any  surface  imaginable. 
Hence,  it  is  often  more  convenient  to  consider  the  brightness  of  the  sky  upon  a 
horizontal  plane.  In  order  to  find  this  we  must  take  the  mean  value  of  column  3, 
applying  weights  for  areas  of  the  respective  zones  and  for  the  cosine  for  the  zenith 
distance  of  the  zones.  This  is  accomplished  in  column  7,  and  its  sum  given  at  the 
bottom  of  the  column  represents  the  average  brightness  of  the  whole  sky  on  the 
horizontal  surface,  as  compared  with  the  brightness  of  an  equal  angular  area  of  the 
sun  received  at  right  angles. 

The  sun  on  the  date  of  observation  occupied  0.0000106  hemisphere.  Hence, 
the  whole  hemisphere  whose  average  brightness  is  151 X 10~8  times  that  of  the  sun, 
for  equal  angular  areas,  would  give  0.142  as  much  light  as  the  sun.  Considering, 
however,  that  the  sky  light  must  be  received  on  a  single  surface,  and  can  not,  except 
in  imagination,  be  summed  everywhere  at  normal  incidence,  we  may  say  from  con¬ 
sideration  of  column  7  that  the  light  of  the  sky  received  on  a  horizontal  surface 
will  be  0.051  as  great  as  that  received  perpendicularly  from  the  sun. 

In  making  these  summaries  we  have  omitted  the  bright  region  of  the  sky  imme¬ 
diately  adjacent  to  the  sun,  and  we  must  now  make  a  special  discussion  of  this 
part  of  the  sky  in  order  to  obtain  a  correction  by  means  of  which  the  values  just 
given  shall  be  increased.  To  determine  this  correction,  all  the  values  of  the  sky  radi¬ 
ation  which  were  obtained  for  positions  near  the  sun  were  platted  with  respect  to 
their  solar  distance.  From  the  curve  thus  drawn  smooth  curve  values  were  taken 
off.  The  brightness  of  this  part  of  the  sky  was  then  summed  up  in  a  manner  simi¬ 
lar  to  that  which  has  been  employed  for  the  sky  as  a  whole,  and  it  was  found  that 
the  special  sky  effect  near  the  sun  by  which  the  above-mentioned  values  are  to  be 
increased  is  as  follows: 
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Table  51. — Special  sky  effect  near  sun. 


Solar  distance. .... _ 

2° 

3° 

4° 

5° 

6° 

8° 

O 

O 

15° 

CO 

O 

O 

Deflection . . . 

200.  0 

95.0 

52.0 

34.0 

26.2 

18.7 

14.5 

9.0 

6.2 

Line(2)Xl08-~3,520, 

000..... . . 

5,  680 

2,  700 

1,480 

966 

744 

531 

412 

256 

176 

Line  (3)  — 114  1 . 

(10,000) 

5,566 

2,  586 

1,  366 

852 

630 

417 

298 

142 

62 

Ring  of  solar  distance . . 

0°-l°.  5 

1°.  5°-2. 5 

2°.  5-3°.  5 

3°.  5-4°.  5 

4°.  5-5°.  5 

5°.  5-7° 

7°-9° 

9°-ll° 

11°-21° 

21°-41° 

Area  of  ring  in  hemis- 

pheres . 

0. 00033 

0. 00061 

0. 00092 

0. 00121 

0. 00152 

0.00285 

0. 00486 

0. 00606 

0. 0480 

0.179 

line  (4)  X  line  (6) . 

3.3 

3.4 

2.4 

1.7 

1.3 

1.8 

2.0 

1.8 

6.8 

11.0 

i  To  allow  for  the  general  sky  brightness  already  estimated, 


Sum  of  line  (7)  x  lO”8  =  35.5  X 10"8. 

Sum -*•  106 Xl0-7  =  0.033=  special  sky  effect.  Normal  incidence. 

Last  value  X  cos  45°  =  0.024  =  special  sky  effect.  Horizontal  surface. 

Total  sky  effect : 

Normal  incidence:  0.142  +  0.033  =  0.175  direct  sun. 

Horizontal  surface:  0.051  +0.024  =  0.075  direct  sun. 

On  August  17,  1910,  the  intensity  of  the  direct  solar  radiation  at  noon  was  1.694  calories 
per  square  centimeter  per  minute  (Smithsonian  Revised  Pyrheliometry). 


Hence  the  total  sky  radiation  was:  calories.^ 

For  normal  incidence  (0.175  X  1.694) . . .  0.296 

For  horizontal  surface  (0.075x1.694) _ _  0.127 


BASSOUR  SKY  RADIATION  EXPERIMENTS. 

The  experiments  on  the  brightness  of  the  sky  by  day  at  Bassour  were  under¬ 
taken  because  of  the  interesting  effects  of  the  volcanic  eruption  in  Alaska  of  June  6 
and  7,  1912.  It  had  been  found  at  Bassour  and  on  Mount  Wilson  that  the  inten¬ 
sity  of  radiation  received  directly  from  the  sun  in  July  and  August,  1912,  was 
abnormally  low  owing  to  the  presence  of  haze  in  the  atmosphere,  which  seems  to 
have  attained  a  world-wide  diffusion  soon  after  the  eruption.  At  the  same  time 
reports  were  current  that  the  temperature  in  many  parts  of  the  world  was  below 
the  normal.  It  seemed  of  great  interest  to  determine  whether  the  radiation  scat¬ 
tered  from  the  sky  to  the  observer  made  up  in  any  considerable  degree  the  defi¬ 
ciency  noted  in  the  direct  beam. 

A  bolometer  with  wooden  case  was  extemporized  at  Bassour  and  was  mounted 
by  tying  it  to  the  stand  of  the  silver-disk  pyrheliometer.  It  could  be  used  as  an 
alt-azimuth  instrument  by  rotating  the  superstructure  upon  the  vertical  support 
of  the  pyrheliometer.  A  glass  plate  was  used  to  cut  off  long-wave  radiation. 
Experiments  were  made  on  three  successive  days,  in  each  of  which  pointings  were 
made  to  all  parts  of  the  sky  and  toward  the  sun.  These  measurements  were  not 
entirely  satisfactory,  for  they  showed  considerable  differences  between  the  first 
day  and  the  two  others  in  the  brightness  of  the  sky  as  compared  with  the  sun. 


1  Per  square  centimeter  per  minute.  See,  however,  page  99. 
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As  the  method  of  observing  and  the  method  of  reduction  employed  are  quite  similar 
to  those  which  have  been  described  in  dealing  with  the  Mount  Whitney  measure¬ 
ments,  it  will  be  sufficient  to  give  here  a  summary  of  the  Bassour  experiments. 
It  may  be  noted,  however,  that  no  arrangements  were  at  hand  which  would  enable 
the  observations  to  be  made  very  close  to  the  disk  of  the  sun;  hence  only  a  rough 
allowance  for  the  exceeding  brightness  of  that  part  of  the  sky  has  been  possible  in 
the  reduction. 

On  each  day  of  observation  a  measurement  of  the  total  radiation  of  the  sky, 
excluding  the  sun,  was  made  by  means  of  an  apparatus  which  had  been  designed  by 
Mr.  Abbot  for  measuring  nocturnal  radiation.  This  apparatus  as  constructed  at 
Bassour  consisted  of  two  blackened  strips  used  much  in  the  manner  of  the  Ang¬ 
strom  pyrheliometer,  except  that  the  two  strips  were  placed  horizontally  one  above 
and  one  beneath  a  horizontal  sheet  of  brass,  and  a  special  blackened  screen  was 
placed  beneath  the  lower  absorbing  strip  in  such  a  manner  as  to  completely  prevent 
its  radiations  from  passing  to  the  earth  or  to  any  other  objects  except  the  blackened 
screen. 

Suppose  a  blackened  strip  whose  absolute  temperature  is  Tx  to  radiate  alter¬ 
nately  to  a  screen,  whose  absolute  temperature  is  T2,  and  to  another  screen,  whose 
absolute  temperature  is  T3.  Then  in  accordance  with  Stefan’s  Law,  the  quantity 
of  radiation  per  square  centimeter  per  minute  escaping  from  the  blackened  strip 
to  the  first  screen  will  be  a  (Tx4  —  T24)  and  a  (T24  —  T34)  will  be  the  radiation  of  the 
strip  to  the  second  screen. 

Hence  the  difference  of  radiation  between  the  exposure  of  the  strip  to  the  first 
screen  and  the  exposure  to  the  second  screen  will  be  simply  a  (T24  —  T34). 

Hence  it  is  seen  that  the  temperature  of  the  radiating  strip  itself  plays  no 
part  in  the  discussion.  Accordingly,  reverting  to  the  apparatus  which  has  been 
described  and  in  which  the  two  strips  were  of  equal  temperature,  the  temperature 
of  this  screen  is  to  be  regarded  as  the  temperature  of  the  blackened  surface  which 
is  radiating  to  the  atmosphere  and  whose  radiation  per  square  centimeter  per 
minute  is  determined  by  the  apparatus.  This  apparatus  was  compared  on  several 
nights  with  the  nocturnal  instrument  of  Mr.  Angstrom,  and  a  close  proportionality 
was  found  between  the  results  of  the  two. 

In  the  use  of  the  bolometer  mentioned  above,  the  instrument  was  protected 
from  exchanges  of  radiation  of  great  wave  length  by  means  of  a  plate  of  glass. 
The  nocturnal  radiation  instrument,  on  the  other  hand,  had  no  plate  of  glass  in 
front  of  it.  Accordingly  while  the  bolometer  measured  only  the  radiation  of  the 
sky  transmissible  by  glass  (that  is  to  say,  the  radiation  coming  indirectly  from  the 
sun),  the  nocturnal  instrument,  on  the  other  hand,  measured  the  combined  effect 
of  rays  of  all  wave  lengths.  Accordingly  a  correction  had  to  be  applied  in  the 
latter  measurements  for  the  radiation  which  the  instrument  would  have  sent  out 
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if  the  sun  had  been  in  eclipse.  Of  course  this  correction  could  not  really  be  meas¬ 
ured,  but  Mr.  A.  K.  Angstrom  had  made  measurements  at  Bassour  of  the  nocturnal 
radiation  on  the  morning  and  evening  of  each  of  the  days  in  question  and  these 
he  has  kindly  permitted  us  to  use.  Assuming  that  the  nocturnal  radiation  would 
have  had  the  mean  of  these  morning  and  evening  values  at  midday  if  the  sun 
had  been  eclipsed,  we  may  thus  estimate  and  correct  the  results  for  the  exchange  of 
long-wave  rays  between  the  blackened  strip  and  the  sky.  Thus  we  determine 
the  solar  radiation  scattered  from  the  sky  to  the  observer  as  indicated  by  the  noc¬ 
turnal  radiation  apparatus.  The  experiments  of  all  three  days  with  this  instru¬ 
ment  indicated  that  the  scattered  solar  radiation  received  from  the  sky  was  in  excess 
of  the  long-wave  radiation  lost  to  the  sky. 

The  bolometric  observations  at  different  parts  of  the  sky  were  reduced  by 
graphical  methods  so  as  to  give  the  mean  brightness  of  the  various  zones,  and  these 
were  summed  up  with  regard  to  their  relative  areas,  so  as  to  give  the  total  effect 
of  the  sky  on  a  horizontal  surface.  The  values  given  are  for  noon  observations, 
and  are  stated  in  calories  per  square  centimeter  per  minute.  In  the  daylight 
observations  with  the  nocturnal  radiation  apparatus  the  sun  was  screened  away 
by  a  broom  held  at  about  2  meters  distance.  The  results  represent  therefore  the 
whole  sky  except  a  part  very  close  to  the  sun.  The  results  of  both  kinds  of  observa¬ 
tions  are  collected  below: 


Table  52. — Radiation  oj  the  shy,  Bassour,  1912. 

(a)  BOLOMETRY  OF  SKY  RADIATION. 


Intensity. 

Date. 

Mean. 

Sept.  5. 

Sept.  6. 

Sept.  7. 

Direct  solar  beam,  in  calories. _ _ .... 

1.24 

1.25 

1.25 

1.25 

Fraction  added  by  the  sky . 

0.267 

0. 126 

0. 129 

0. 174 

Sky  radiation,  in  calories. . 

0.  331 

0. 158 

0. 161 

0.  217 

(6)  MEASUREMENTS  OF  SKY  RADIATION  BY  NOCTURNAL  APPARATUS. 


Calories. 

Calories. 

Calories. 

Calories. 

Before  sunrise . . . 

-0. 169 

-0.  205 

-0.  208 

-0. 194 

Noon . . . . . . 

+0. 062 

+0. 092 

+0. 047 

+0. 067 

After  sunset _ _ _ ... _ ........... 

-0. 208 

-0. 225 

-0.220 

-0.218 

Total  sky  radiation,  in  calories. ....... 

0. 250 

0. 307 

0.261 

0.273 

Although  the  results  show  a  large  divergence  in  percentage,  it  is  not  great  in 
calories;  and  the  mean  result  of  all  experiments,  namely  0.245  calorie  per  square 
centimeter  per  minute,  probably  represents  the  total  sky  radiation  to  within  0.05 
calorie. 

86053°— 13 - 11 
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SOLAR  RADIATION  ABSORBED  IN  THE  UPPER  ATMOSPHERE  OR 

REFLECTED  TO  SPACE. 

At  pages  157  and  158  in  Volume  II  of  these  Annals  we  made  a  computation 
to  show  the  losses  of  the  solar  radiation  by  reflection  to  space  and  by  absorption  in 
the  higher  atmosphere  above  Mount  Wilson.  In  order  to  bring  out  the  matter  clearly 
we  quote  as  follows  from  that  discussion : 

Langley  pointed  out  in  his  chapter  on  “Sky  radiation”  in  the  report  of  the  Mount  Whitney 
expedition  that  the  solar  radiation  outside  the  atmosphere  must  certainly  exceed  in  its  intensity 
the  direct  solar  beam  at  the  earth’s  surface  by  a  greater  amount  than  is  supplied  by  indirect 
radiation  of  the  unclouded  sky;  and  to  the  latter  may  be  added  also  the  amount  absorbed  by 
the  oxygen  and  water  vapor  of  the  atmosphere.  The  matter  appears  in  its  clearest  form  if  we 
imagine  the  sun  (at  mean  solar  distance)  to  be  in  the  zenith,  and  consider  the  earth’s  surface 
as  a  vast  plain  covered  by  a  thin  layer  of  air.  Then  if  we  could  ascend  to  the  upper  limit  of  the 
atmosphere  the  amount  of  solar  energy  on  each  square  centimeter  would  be  the  “solar  constant.” 
At  a  point  on  the  earth’s  surface  the  amount  received  on  each  square  centimeter  from  the  direct 
solar  beam  would  be  less  than  that  outside  the  atmosphere,  first,  because  of  the  diffuse  reflection 
of  rays,  and  second,  because  of  the  actual  absorption  of  rays  in  the  atmosphere.  A  very  simple 
computation  shows  that  the  sum  of  all  the  rays  diffusely  reflected  within  the  atmosphere  from 
the  direct  vertical  beam  of  one  centimeter  cross  section  coming  from  each  point  on  the  sun  and 
reaching  the  earth’s  surface  finally  at  near  or  distant  points,  either  by  one  or  many  reflections, 
is  exactly  equal  to  the  sum  of  all  the  rays  reaching  each  square  centimeter  of  the  earth’s  surface 
and  coming  from  all  parts  of  the  sky.  But  some  of  the  rays  diffusely  reflected  never  reach  the 
earth’s  surface  at  all,  and  hence  the  total  sky  light  reaching  each  square  centimeter  of  the  earth’s 
surface  is  less  than  the  loss  by  diffuse  reflection  from  the  solar  beam  of  one  square  centimeter  cross 
section. 

If  to  the  pyrheliometer  reading  corresponding  to  zenith  sun  we  add  the  diffusely  reflected 
sky  light  which  falls  on  a  square  centimeter  of  the  earth’s  surface,  and  to  this  the  amount  of 
radiation  which  appears  to  have  been  absorbed  from  the  direct  solar  beam  by  the  absorption 
of  water  vapor,  as  evidenced  in  the  infrared  bands  of  the  solar  spectrum,  the  result  must  be  less 
than  the  “solar  constant,”  by  an  amount  which  will  indicate  approximately  the  sum  of  the 
nonselective  absorption  of  the  atmosphere  and  the  diffuse  reflection  of  the  atmosphere  to  space. 

Thus  from  Mount  Wilson  data  of  October  18,  1906,  the  pyrheliometer  reading  at  air  mass 
1.39  was  1.625  calories,  and  (by  a  short  extrapolation)  at  air  mass  1.00  would  have  been  1.680 
calories.  The  area  of  holographic  curve  at  air  mass  1.39  was  13.7  times  the  area  of  the  gaps 
left  in  it  by  the  selective  absorption  of  water  vapor  and  oxygen,  so  that  the  loss  by  selective 
absorption  was  at  least  0.119  calorie.  On  October  19,  1906,  the  radiation  reflected  by  the  sky 
on  a  horizontal  surface  was  7.7  per  cent  of  that  received  normally  in  the  direct  beam  of  the  sun 
at  51°. 5  zenith  distance.  Assuming  the  same  value  for  October  18  when  the  direct  beam  at 
this  zenith  distance  gave  1.591  calories,  the  sky  radiation  was  then  0.122  calorie:  Adding  the 
three  quantities,  the  result  is  1.921  calories.  The  intensity  of  solar  radiation  outside  the  atmos¬ 
phere  on  October  18  was  found  to  be  1.96  calories  uncorrected  for  solar  distance,  and  the  differ¬ 
ence,  0.04  calorie,  may  be  supposed  to  represent  the  sum  of  the  nonselective  absorption  of  the 
atmosphere  above  Mount  Wilson  and  its  reflection  to  space.1 

The  following  summary  of  experiments  similar  to  those  just  referred  to  is  made 
from  the  Mount  Whitney  observations  of  August  17,  1910: 

1  These  values  just  quoted  are  given  in  terms  of  the  provisional  scale  of  radiation  adopted  for  Vol.  II  of  the 
Annals.  The  following  values  are  in  terms  of  Smithsonian  Revised  Pyrheliometry  of  1913. 
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Calories.1 

Direct  solar  beam  at  noon  (air  mass  1.08) .  1-  694 

Total  sky  radiation  (on  horizontal  surface) .  0. 127 

Absorbed  (by  H20  and  02  as  shown  by  Aug.  12,  13,  14) .  0.  035 


Sum .  1-  856 

Solar  radiation  in  space  at  earth’s  actual  solar  distance . .  1.  864 


Difference .  0.  008 


The  difference,  0.008  calorie  per  square  centimeter  per  minute,  gives  approxi¬ 
mately  the  combined  loss  of  radiation  by  reflection  to  space  and  by  absorption  in 
the  very  high  atmosphere  on  this  exceptionally  clear  day  above  the  altitude  of  Mount 
Whitney  (4,420  meters) .  As  the  result  is  obtained  by  difference  of  larger  quantities, 
it  indicates  only  the  magnitude,  not  the  exact  value,  of  the  loss. 

It  is  very  interesting  to  compare  these  results  with  computations  of  a  similar 
kind  from  measurements  made  at  Bassour,  Algeria,  September  5,  6  and  7, 1912,  when 
the  atmosphere  was  very  turbid  owing  to  the  presence  of  dust  from  the  volcanic 
eruption  of  Mount  Katmai  in  Alaska  of  June  6  and  7,  1912. 

We  will  now  give,  as  a  mean  for  the  three  days,  noon  measurements  of  the  three 
quantities  of  radiation:  (1)  That  which  reaches  the  earth  in  the  direct  beam  of  the 
sun.  (2)  That  which  reaches  a  horizontal  surface  by  scattering  from  the  whole 
sky.  (3)  That  which  is  absorbed  from  the  direct  beam  of  the  sun  and  from  the  sky 
radiation  by  the  vapors  of  the  atmosphere. 

These  quantities  are  as  follows: 

Calories.1 


Direct  solar  beam . . . 1.250 

Total  sky  radiation .  0.  245 

Absorbed  radiation... .  0.175 


Sum .  1.67 

Solar  constant  2 .  1.  95 


Difference . . .  0.  28 


The  difference  between  the  solar  constant  and  the  sum  of  the  three  parts  of  the 
solar  radiation,  received  at  the  earth’s  surface  or  absorbed  in  the  lower  atmosphere, 
gives  approximately  the  combined  loss  by  diffuse  reflection  from  the  atmosphere  to 
space  and  by  absorption  in  the  higher  atmosphere.  This  quantity  is  about  0.28 
calories  per  square  centimeter  per  minute.  Experiments  of  similar  nature  have 
been  made  at  Mount  Wilson  and  Mount  Whitney  in  former  years,  and  their  result 
has  always  indicated  that  the  combined  higher  atmospheric  absorption  and  the 
reflection  of  the  atmosphere  to  space  was  not  more  than  about  0.05  calories  per 
square  centimeter  per  minute.  Accordingly  the  difference  of  0.20  calories  in  round 
numbers  seems  to  be  attributable  to  the  uncommon  haziness  which  prevailed  in  the 
higher  atmosphere  during  the  summer  of  1912.  This  difference  is  about  10  per  cent 
of  the  solar  constant  of  radiation. 


1  Per  square  centimeter  per  minute.  See,  however,  page  99. 

2  Unfortunately  this  value  is  uncertain  by  perhaps  0.05  calories  for  these  days. 


Chapter  VII. 


ON  THE  DISTRIBUTION  OF  RADIATION  OVER  THE  SUN’S  DISK. 

In  Volume  II  of  the  Annals  of  the  Astrophysical  Observatory,  Part  III  describes 
the  procedure  employed  and  the  results  obtained  in  measuring  with  the  bolometer 
the  distribution  of  radiation  over  the  sun’s  disk.  Earlier  investigators  had  shown 
that  the  brightness  of  the  sun’s  disk  diminishes  from  the  center  to  the  circumfer¬ 
ence.  Particular  attention  has  been  paid  by  some  observers  to  the  question  whether 
the  diminution  is  the  same  in  all  directions;  for  example,  toward  the  poles  of  the 
sun  and  along  its  equator.  Their  results  seem  to  show  that  there  is  no  difference 
in  this  respect,  so  that  the  same  change  would  be  observed  along  any  diameter  of 
the  sun  which  might  be  chosen. 

In  our  work  we  had  the  following  objects:  First,  to  obtain  for  various  wave 
lengths  the  exact  distribution  of  the  radiation  along  a  diameter  of  the  sun.  Second, 
we  hoped  to  obtain  by  study  of  the  departures  of  the  observations  for  the  several 
days  from  the  general  means  an  independent  confirmation  of  the  suspected  varia¬ 
bility  of  the  sun.  It  seemed  likely  that  if  a  real  variation  occurs  in  the  sun’s  emis¬ 
sion  it  may  be  attended  by  a  change  in  the  relative  brightness  of  different  parts  of 
the  sun’s  disk. 

The  observations  of  this  kind  reported  in  Volume  II  of  the  Annals  ceased  with 
the  date  May  14,  1907.  The  work  was  continued  at  Washington  on  favorable  oppor¬ 
tunities  until  March,  1909.  A  great  many  days  which  promised  to  be  favorable  for 
the  work  were  spoiled  by  the  drifting  of  clouds  or  haze  over  the  sun,  so  that  the  num¬ 
ber  of  suitable  days,  especially  in  the  midsummer  and  midwinter  months,  was  quite 
small.  So  much  time  was  lost  in  waiting  for  good  skies  that  the  work  was  very  dis¬ 
couraging.  In  the  meantime  a  research  on  the  transmission  of  the  rays  of  great  wave 
length  through  long  columns  of  moist  air  had  been  undertaken,  and  the  experimental 
parts  of  the  two  researches  were  found  to  interfere  with  one  another  so  much  that  it 
was  difficult  to  continue  both.  The  reduction  of  the  work  of  1906  and  1907  had 
appeared  to  indicate  that  if  any  changes  in  the  distribution  of  radiation  over  the 
sun’s  disk  occurred  these  were  so  small  as  to  be  hardly  discernible  from  accidental 
error.  In  these  circumstances  it  seemed  justifiable  to  discontinue  the  observations 
of  the  sun’s  disk  after  March,  1909.  We  now  regret  that  the  work  was  not  carried 
further,  and  hope  to  resume  it  under  more  favorable  circumstances. 
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1.  THE  METHOD  OF  INVESTIGATION. 

Briefly,  the  method  of  observing  consists  as  follows:1  A  long-focus  horizontal 
telescope  forms  an  image  of  the  sun  about  40  cm.  in  diameter.  By  stopping  the 
coelostat,  this  image  is  caused  to  drift  across  the  slit  of  the  spectrobolometer. 
The  spectrobolometer  is  set  to  any  desired  wave  length,  and  accordingly  the 
radiation  of  the  wave  length  in  question  is  received  by  the  bolometer  during  the 
march  of  the  drift,  first  from  the  sky  near  the  sun,  then  from  the  edge  of  the  sun, 
after  that  from  the  center,  then  the  following  edge  of  the  sun,  and  finally  the  drift 
brings  on  the  radiation  of  the  sky  beyond  the  following  edge  of  the  sun.  In  this 
way  is  produced  a  holograph,  in  one  wave  length,  which  we  may  call  a  “  drift  curve” 
representing  the  distribution  of  radiation  along  and  outside  a  diameter  of  the  sun’s 
disk.  The  intensity  of  the  radiation,  regarded  as  zero  on  the  sky,2  increases  quickly 
when  the  edge  of  the  sun  is  reached,  increases  more  slowly  as  we  pass  in  along  the 
radius  of  the  sun,  reaches  a  maximum  at  the  center  of  the  sun’s  disk,  diminishes 
gradually,  then  rapidly,  as  the  following  edge  of  the  sun  approaches,  and  comes  to 
zero  on  the  sky  beyond  the  following  edge. 

The  curves  so  obtained  are  measured  at  certain  distances  from  their  centers  so 
as  to  obtain  the  intensity  of  radiation  along  the  diameter  of  the  sun  at  each  of  the 
wave  lengths  chosen.  The  time  required  for  the  sun  to  drift  across  the  slit  of  the 
spectrobolometer  varies  with  the  time  of  the  year.  Also  the  ordinates  of  the 
U-shaped  “  drift  curves,”  bolometrically  produced,  vary  according  to  the  sensitive¬ 
ness  of  the  bolometric  apparatus.  Hence,  the  U-shaped  curves  must  be  reduced 
to  a  standard  width  and  a  standard  height.  The  means  employed  for  this  purpose 
in  the  older  observations  are  given  in  Volume  II  of  the  Annals,  as  above  referred  to. 

The  improvements  which  have  been  made  over  that  work  consist  principally 
in  changing  the  method  of  measuring  and  reducing  the  holographs.  These  changes 
are  as  follows:  It  will  be  recalled  that  we  had  at  first  adopted  the  custom  of  meas¬ 
uring  the  width  of  the  U-shaped  holographic  curves  at  points  where  the  ordinates 
of  these  curves  were  about  4  per  cent  of  the  maximum  ordinate,  and  the  width  so 
measured  was  regarded  as  corresponding  to  the  width  of  the  solar  image.  In  the 
later  experiments  published  in  Volume  II  of  the  Annals,  and  in  those  about  to  be 
described,  we  have  determined  the  rate  of  descent  in  the  plate  carrier  of  the  photo¬ 
graphic  plates  on  which  the  curves  are  recorded,  and  have  determined  from  the 
Nautical  Almanac  the  time  required  for  the  sun’s  disk  to  pass  the  meridian.  From 
these  data  we  have  determined  the  distance  along  the  plate  corresponding  to  the 
width  of  the  sun’s  diameter.  This  distance  has  been  regarded  as  the  true  width  of 
the  U-shaped  curve,  and  all  the  measurements  of  ordinates  of  this  curve  have  been 
made  at  certain  round-numbered  fractions  of  the  corresponding  solar  radius. 


1  See  Annals,  Vol.  II,  Part  III,  for  further  details. 

2  See  investigation  of  the  effect  of  the  sky,  Annals,  Vol.  II,  pp.  220-223. 
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To  illustrate:  On  June  8,  1908,  the  sidereal  time  required  for  the  sun’s  semidi¬ 
ameter  to  pass  the  meridian  was  lm  8.72s.  The  corresponding  mean  solar  time  for 
the  passage  of  the  diameter  is  2.284m.  On  this  date  the  photographic  plate  de¬ 
scended  3.978  centimeters  per  minute.  Hence,  the  diameter  of  the  sun  expressed 
on  the  photographic  plate  is  9.086  centimeters.  Measurements  were  made  at  the 
center  and  at  10  places  on  either  side  of  it,  making  21  places  in  all,  at  distances 
from  the  center  of  the  U-shaped  curve  which  correspond  to  certain  fractions  of  the 
solar  radius  from  the  center  of  the  sun’s  disk. 

In  further  reduction  of  the  observations,  the  mean  values  of  the  measurements 
on  each  curve  for  the  advancing  and  following  limbs  of  the  sun  were  taken.  Then, 
in  order  to  standardize  the  observations  (for  it  is  to  be  remembered  that  the  bolo- 
graphic  curves  depend  for  their  ordinates  on  the  sensitiveness  of  the  galvonometer, 
the  clearness  of  the  sky,  and  the  sun’s  zenith  distance,  all  of  which  vary  from  day 
to  day),  the  sums  of  the  mean  measurements  at  the  center  (given  half  weight)  and 
at  2/10,  4/10,  55/100,  and  65/100  radius,  were  taken.  All  the  measurements  were 
divided  by  this  sum  and  thus  expressed  in  terms  of  a  unit  5  times  the  mean  height 
of  the  central  part  of  the  U-shaped  curve. 

For  illustration:  On  June  8,  1908,  the  following  measurements  were  made  on 
a  curve  corresponding  to  wave  length  0.501  fi.  Taking  the  sum  of  the  first  five 
places  (giving  the  central  place  half  weight)  and  dividing  this  sum  into  the  mean 
values  at  the  several  places  on  the  curve,  we  have  the  following  values: 


Table  53. — Illustrative  of  reduction  of  drift-curve  observations. 


Distances  from 

center: 

Linear . 

cm. 

0.00 

Fractional . . . . 

0. 00 

Heights: 

A  d  v  a  n  cing 
limb . 

9.80 

Following 
limb. . . 

Mean . 

2X4.90 

.1196 

.9975 

Potio  Mean  height 

Ratio.  4Q96 

Ratio  to  central 
height 1 . 

0.  91 

0.  20 

1.82 

0.40 

2.50 

0. 55 

2.95 

0.65 

3.41 

0. 75 

3.75 

0. 825 

3.98 

0. 875 

4.18 

0.  92 

4.32 

0.95 

4.41 

0.97 

9.69 

9. 16 

8. 74 

8.41 

7.61 

6.96 

6. 35 

5.65 

4. 70 

3. 60 

9. 69 

9.26 

8.81 

8.36 

7.68 

7.03 

6.37 

5. 58 

4.78 

4. 16 

9.69 

9.21 

8.775 

8.385 

7.645 

6.995 

6.36 

5.615 

4.74 

3.88 

.2366 

.2249 

.2142 

.2047 

.1866 

.1708 

.1553 

.1371 

.1157 

.0947 

.9867 

.9379 

.8932 

.8536 

.7781 

.7123 

.6476 

.5717 

.4825 

.3949 

1  The  lowest  line  of  the  table  is  added  in  view  of  its  interest,  but  is  not  used  in  the  reductions.  It  is  based  on  the  standard  central  value  .1199 
found  from  104  curves.  It  will  be  further  explained. 
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The  following  table  contains  the  standard  reduction  values  for  many  wave 
lengths.  It  corresponds  to  the  next  to  the  last  line  of  table  above,  represents  the 
mean  of  many  days  of  observation,  and  is  used  in  preparation  of  the  tables  which 
follow  it.  It  rests  mainly  on  Washington  observations  of  1907. 

Table  54. — Auxiliary  standard  reduction  values.  Mean  distribution  of  radiation  along  radius  of 

solar  dislc. 


Wave 

length. 

Number 
of  obser¬ 
vations. 

Distance  from  center  as  fraction  of  radius. 

0.00' 

0.20 

0.40 

0.55 

0.65 

0.75 

0.825 

0.875 

0.92 

0.95 

V 

0. 386.. 

3 

0. 1233 

0. 2417 

0. 2283 

0.2110 

0. 1953 

0. 1750 

0. 1560 

0. 1367 

0. 1190 

0. 1030 

0.433.. 

39 

.1227 

.2400 

.2275 

.2126 

.1978 

.1789 

.1588 

.1430 

.1251 

.1104 

0. 456.. 

79 

.1207 

.2380 

.2273 

.2136 

.2007 

.1826 

.1644 

.1487 

.1298 

.1136 

0. 481.. 

74 

.1201 

.2371 

.2267 

.2141 

.2018 

.1851 

.1683 

.1532 

.1359 

.1198 

0. 501.. 

104 

.1199 

.2362 

.2267 

.2145 

.2026 

.1864 

.1704 

.1559 

.1397 

.1240 

0. 534.. 

104 

.1192 

.2353 

.2265 

.2150 

.2041 

.1888 

.1736 

.1602 

.1443 

.1306 

0. 604.. 

72 

.1182 

.2339 

.2262 

.2158 

.2062 

.1929 

.1798 

.1679 

.1533 

.1403 

0. 670. . 

41 

.1173 

.2324 

.2255 

.2168 

.2081 

.1965 

.1844 

.1737 

.1596 

.1476 

0. 699. . 

64 

.1171 

.2319 

.2255 

.2169 

.2085 

.1970 

.1856 

.1751 

.1618 

.1492 

0. 866.. 

51 

.1160 

.2302 

.2248 

.2178 

.2113 

.2021 

.1926 

.1837 

.1726 

.1621 

1.031.. 

30 

.1149 

.2293 

.2246 

.2185 

.2126 

.2042 

.1955 

.1875 

.1775 

.1677 

1.225.. 

43 

.1148 

.2284 

.2240 

.2188 

.2139 

.2068 

.1987 

.1914 

.1824 

.1737 

1. 655. . 

26 

.1138 

.2268 

.2235 

.2198 

.2163 

.2111 

.2051 

.1996 

.1928 

.1856 

2.097.. 

25 

.1134 

.2260 

.2236 

.2202 

.2169 

.2123 

.2075 

.2024 

.1965 

.1900 

>  On  half  the  scale  of  other  columns. 


The  values  in  the  table  just  given  are  a  standard  of  reference,  and  the  values 
obtained  at  these  wave  lengths  on  any  day  of  observation  are  comparable  with  them 
as  soon  as  reduced  to  the  form  given  in  the  next  to  the  last  line  of  Table  53. 

2.  MEAN  DISTRIBUTION  OF  RADIATION  ALONG  THE  SOLAR  RADIUS 
FOR  DIFFERENT  WAVE  LENGTHS. 

The  following  tabular  summary  of  the  distribution  of  brightness  of  different 
wave  lengths  along  the  diameter  of  the  sun’s  disk  has  been  obtained  in  the  manner 
just  described  from  numerous  observations  made  between  November  1,  1906,  and 
January  1,  1908.  Profs.  Schwartzchild  and  Villager  determined  the  distribution 
of  radiation  along  the  diameter  of  the  sun  for  the  very  short  wave  length,  /t =0.323  fx, 
by  photographic  observations  made  after  silvering  the  objective  of  their  telescope.1 
In  this  way  they  observed  only  with  the  ultra-violet  rays  transmissible  by  silver. 
The  table  following  includes  the  mean  of  observations  of  Schwartzchild  and  Villager. 


1  AstrophyBical  Journal,  vol.  23,  pp.  284  to  305,  1906. 
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Table  55. —  Mean  distribution  oj  radiation  along  radius  oj  solar  dislc. 


[Intensity  at  center  as  unit.) 


Wave 

length. 

Number 
of  obser¬ 
vations. 

Distance  from  center  as  fraction  of  radius. 

0.00 

0.20 

0.40 

0.56 

0.65 

0.75 

0.825 

0.875 

0.92 

0.95 

0. 323.. 

1.000 

0.960 

0.897 

0.835 

0.775 

0.690 

0.600 

0. 530 

0.452 

0. 382 

0. 386.. 

3 

1.0000 

.9801 

.9258 

.8556 

.7920 

.7097 

.6326 

.5543 

.4826 

.4177 

0.433.. 

39 

1.0000 

.9780 

.9271 

.8663 

.8060 

.7290 

.6471 

.5827 

.5098 

.4499 

0. 456 . . 

79 

1. 0000 

.9857 

.9416 

.8848 

.8314 

.7564 

.6810 

.6160 

.5377 

.4706 

0.481.. 

74 

1.  0000 

.9871 

.9438 

.8914 

.8401 

.7706 

.7007 

.6378 

.5658 

.4988 

0. 501.. 

104 

1.  0000 

.9850 

.9454 

.8945 

.8449 

.7773 

.7106 

.6501 

.5826 

.5171 

0.  534.. 

104 

1. 0000 

.9870 

.9499 

.9018 

.8561 

.7919 

.7282 

.6720 

.6053 

.5478 

0.  604.. 

72 

1.0000 

.9894 

.9568 

.9129 

.8722 

.8160 

.7606 

.7102 

.6485 

.5935 

0.670.. 

41 

1. 0000 

.9906 

.9612 

.9241 

.8870 

.8376 

.7860 

.7404 

.6803 

.6292 

0.699.. 

64 

1.0000 

.9902 

.9629 

.9261 

.8903 

.8412 

.7925 

.7476 

.6909 

.6371 

0. 866.. 

51 

1.0000 

.9922 

.9690 

.9388 

.9108 

.8711 

.8302 

.7918 

.7440 

.6987 

1.031.. 

30 

1.  0000 

.9978 

.9774 

.9508 

.9251 

.8886 

.8507 

.8159 

.7724 

.7298 

1.225.. 

43 

1.  0000 

.9948 

.9756 

.9530 

.9316 

.9007 

.8654 

.8336 

.7944 

.7565 

1.655.. 

26 

1. 0000 

.9965 

.9820 

.9657 

.9504 

.9275 

.9012 

.8770 

.8471 

.8155 

2.097.. 

25 

1.0000 

.9965 

.9858 

.9709 

.9563 

.9361 

.9149 

.8924 

.8664 

.8377 

The  data  of  the  preceding  table  are  given  graphically  in  the  illustration  on 
page  158,  figure  17.  It  will  be  seen  that  the  contrast  between  the  center  and 
edge  of  the  sun  diminishes  with  the  increasing  wave  lengths,  and  that  the  observa¬ 
tions  of  Schwartzchild  and  Villager,  although  made  in  a  very  different  manner 
from  those  of  the  Smithsonian  observers,  yet  fall  very  well  with  reference  to  them. 

It  would  be  interesting  to  observe  for  specified  places  on  the  solar  disk  the 
distribution  of  radiation  in  the  spectrum  as  it  would  be  observed  outside  of  our 
atmosphere.  This  could  be  done  by  forming  a  large  image  of  the  sun  and  adjusting 
it  to  fall  as  desired  with  reference  to  the  slit  of  the  spectrobolometer.  Then 
bolographs  might  be  taken  at  different  solar  altitudes  so  as  to  determine  the 
atmospheric  transmission  and  could  determine  the  transmissibility  of  the  apparatus 
from  one  end  of  the  spectrum  to  the  other,  just  as  if  determining  the  solar  constant 
of  radiation,  but  only  using  the  light  from  a  specified  place  upon  the  disk  of  the  sun. 

We  have  made  no  observations  in  this  manner,  but  we  have  attained  the  same 
result  by  adjusting  the  values  of  the  table  just  given. 

The  manner  of  making  this  adjustment  is  as  follows:  Take,  for  example,  the 
distribution  of  radiation  along  the  diameter  of  the  sun  for  the  wave  length  0.433,a. 
Multiplying  the  value  for  ninety-five  hundredths  of  the  radius  by  the  fraction  of 
the  area  of  the  sun’s  disk  which  this  value  may  be  supposed  to  represent,  and  so 
on  for  all  the  other  positions  on  the  solar  radius,  and  adding  together  the  numbers 
so  obtained,  a  weighted  mean  value  will  be  found  corresponding  to  the  sum  total 
of  the  brightness  of  the  sun  in  the  wave  length  just  named,  on  the  scale  of  measure- 
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ment  given  in  Table  55.  This  process  is  continued  for  all  the  other  wave  lengths 
above  given.  The  result  is  a  number  of  sums  representing  on  scales  proportional 
to  the  several  horizontal  lines  of  Table  55  the  total  intensity  of  the  different  wave 
lengths  from  the  whole  of  the  sun’s  disk.  We  have  determined,  as  given  in  the 
Appendix,  the  mean  distribution  of  radiation  in  the  solar  spectrum  outside  our 


atmosphere.  Taking  the  series  of  numbers  representing  this  distribution,  as  given 
in  the  Appendix,  and  dividing  them  each  by  the  corresponding  sum  just  mentioned, 
we  have  a  series  of  multipliers,  by  means  of  which  the  numbers  representing  the 
distribution  of  radiation  for  given  wave  lengths  along  the  diameter  of  the  sun  are 
to  be  multiplied.  The  result  of  this  process  is  given  in  the  table  following. 
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Table  56. — Mean  distribution  of  radiation  along  radius  of  solar  dislc. 

[Vertical  columns  adjusted  to  give  energy  distribution  in  normal  spectrum  outside  the  atmosphere.] 


Wave  length. 

Distance  from  center  as  fraction  of  radius. 

0.00 

0.20 

0.40 

0.55 

0.65 

0.75 

0.825 

0.875 

0.92 

0.95 

V- 

0.323 . . . . 

144 

140 

129 

120 

112 

99 

86 

76 

64 

49 

0.386. . 

338 

331 

312 

289 

267 

240 

214 

188 

163 

141 

0.433... . 

456 

447 

423 

395 

368 

333 

296 

266 

233 

205 

0.456 . . . 

515 

507 

486 

455 

428 

390 

351 

317 

277 

242 

0.481 . 

511 

503 

483 

456 

430 

394 

358 

324 

290 

255 

0.501 . . . 

489 

482 

463 

437 

414 

380 

347 

323 

286 

254 

0.534.  . . 

463 

457 

440 

417 

396 

366 

337 

312 

281 

254 

0.604 . . 

399 

395 

382 

365 

348 

326 

304 

284 

259 

237 

0.670. . . 

333 

330 

320 

308 

295 

281 

262 

247 

227 

210 

0.699 . . 

307 

304 

295 

284 

273 

258 

243 

229 

212 

195 

0.866..... . 

174 

172 

169 

163 

159 

152 

145 

138 

130 

122 

1.031 . . 

111 

110 

108 

105.5 

103 

99 

94.5 

90.5 

86 

81 

1.225 . 

77.6 

77.2 

75.7 

73.8 

72.2 

69.8 

67.1 

64.7 

61.6 

58.7 

1.655... . . . 

39.5 

39.4 

38.9 

38.2 

37.6 

36.7 

35.7 

34.7 

33.6 

32.3 

2.097. . . . 

14.0 

14.0 

13.8 

13.6 

13.4 

13.1 

12.8 

12.5 

12.2 

11.7 

Wave  length  of  max- 

imum. . ......... 

0.4580 

0. 463 /i 

0. 467/4 

0.471jt 

0.  474/i 

0.  4780 

0. 4830 

0. 4890 

0. 4960 

0. 5050 

Following  the  lines  of  the  table  from  left  to  right  the  reader  may  note  the 
decrease  of  brightness  from  the  center  of  the  sun  to  95  per  cent  of  the  radius  out¬ 
ward.  The  results  arranged  vertically  in  order  of  wave  lengths  are  so  adjusted 
that  by  taking  any  single  vertical  column,  as  for  instance  that  for  75  per  cent  out 
on  the  radius,  the  reader  may  find  for  a  single  zone  of  the  sun,  of  this  distance 
from  the  center,  the  distribution  of  brightness  on  a  uniform  scale  of  wave  lengths, 
or  a  normal  spectrum,  outside  the  earth’s  atmosphere.  The  values  printed  in  bold¬ 
faced  type  are  the  maximum  values  in  each  vertical  column.  They  show  distinctly 
a  shifting  of  the  maximum  of  radiation  depending  upon  the  distance  from  the 
center  of  the  sun.  By  making  a  plot  of  the  values  in  the  different  columns  is  obtained 
more  correctly  the  exact  position  of  the  maximum  of  radiation  in  the  spectrum 
as  given  at  the  bottom  of  each  column.  From  these  values  it  is  possible  to  deter¬ 
mine  the  effective  temperature  of  radiation  at  different  distances  from  the  center 
of  the  sun’s  visible  disk. 

We  do  not  propose  to  go  into  a  discussion  of  the  nature  of  the  solar  radiation, 
but  hope  that  the  above  tables  will  be  of  value  to  students  of  this  interesting  subject. 

3.  TEST  OF  THE  SUSPECTED  SOLAR  VARIATION. 

The  work  of  the  latter  part  of  1906  and  that  of  1907  had  been  reduced  by 
the  method  which  has  just  been  described  and  there  had  been  obtained  for  each 
of  the  several  wave  lengths  between  ^=0.386^  and  ^ —2.097  ft,  the  mean  standard 
form  of  distribution  over  the  sun’s  diameter.  Also  there  had  been  computed 
the  departures  from  this  standard  form  for  each  of  the  observed  curves  which  had 
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been  measured.  These  departures  were  found  to  be  hardly,  if  at  all,  greater  than 
the  experimental  error.  The  pressure  of  solar-constant  investigations  then  com¬ 
pelled  the  discontinuance  of  computing  on  solar  “drift  curves,”  and  it  was  only 
in  1912,  when  the  present  volume  of  the  Annals  was  undertaken,  that  it  was  felt 
best  to  return  to  these  old  computations. 

In  the  meanwhile  practically  certain  proof  of  the  variability  of  the  sun  had 
been  obtained  by  the  comparison  of  the  solar-constant  work  at  Mount  Wilson 
and  Bassour,  Algeria.  Little  hope  was  felt  that  this  old  solar  “drift”  work  would 
be  of  use  in  confirming  the  supposed  variability  of  the  sun,  but  acknowledging  a 
bare  possibility  of  this  it  was  thought  worth  while  to  determine  the  departures  of 
the  observations  for  1908  1  from  the  mean  forms  of  the  distribution  along  the  solar 
diameter,  and  to  compare  these  departures  with  the  solar-constant  values  obtained 
at  Mount  Wilson  on  the  same  days.  Unfortunately,  owing  to  the  unfavorable 
weather  conditions  in  Washington,  the  number  of  days  available  for  this  comparison 
was  but  small.  However,  the  result  of  the  comparison  was  agreeably  surprising. 

For  purposes  of  the  comparison  it  was  desirable  to  obtain  a  single  number  to 
represent  for  a  given  day  the  departure  of  the  distribution  for  each  wave  length 
from  the  normal  distribution  for  that  wave  length.  This  was  accomplished  by 
taking  the  mean  of  the  departures  for  the  four  outer  observed  places  75,  82,  87.5, 
and  92  per  cent  on  the  solar  radius,  omitting  the  point  at  0.95  of  the  radius,  where 
the  measurements  were  thought  to  be  perhaps  of  not  so  great  weight.  There 
are  generally  taken  on  each  day  of  observation  three  curves  for  each  wave  length 
observed.  Thus  the  means  of  the  four  places  along  the  radius  just  named,  taken 
for  each  of  the  three  curves  of  a  given  wave  length,  make  in  all  12  departures  whose 
mean  is  taken  as  the  single  number  to  represent  the  departure  from  the  standard 
form  of  that  wave  length  for  the  day  in  question. 

In  illustration  of  this  method  of  obtaining  a  single  number  to  represent  a 
given  wave  length  for  a  given  day,  the  following  values  are  given: 


Table  57. — Example  of  reduction. 

[Date,  June  8, 1908.  Wave  length,  0.501  p.  ) 


Fraction  of  radius. 

0.00 

0.20 

0.40 

0.55 

0.65 

0.75 

0.825 

0.875 

0.92 

0.95 

Standard  values . 

1199 

2362 

2267 

2145 

2026 

1864 

1704 

1559 

1397 

1240 

Observed  values: 

Curve  1 . 

1196 

2366 

2249 

2142 

2047 

1866 

1708 

1553 

1371 

1157 

Curve  2 . 

1198 

2363 

2259 

2151 

2029 

1864 

1703 

1554 

1379 

1194 

Curve  3 . . 

1193 

2356 

2268 

2131 

2052 

1856 

1688 

1565 

1386 

1199 

Departures: 

Curve  1 . 

3 

-4 

18 

3 

-21 

-2 

-4 

6 

26 

83 

Curve  2 . 

1 

-1 

8 

-6 

-  3 

0 

1 

5 

18 

46 

Curve  3. - - - - 

6 

6 

-1 

14 

-26 

8 

16 

-6 

11 

41 

Mean  departure  for  0.75,  0.825,  0.875,  and  0.92  is  +6.6. 

1  No  observations  of  the  solar  constant  were  made  at  Mount  Wilson  in  1907,  because  we  were  then  preparing  Annals,  Vol.  II,  for  the  press. 
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This  result  indicates  a  greater  contrast  in  brightness  between  the  center  and 
edge  of  the  sun  on  June  8,  1908,  than  the  contrast  represented  by  the  standard 
values.  The  reader  may  perceive  also  how  small  the  departures  are  from  the  stand¬ 
ard  form,  and  how  great  a  demand  is  made  on  the  steadiness  of  the  transparency 
of  the  sky,  the  excellence  of  the  solar  image,  the  steadiness  of  the  bolometer  and 
the  accuracy  of  the  clock  work,  for  a  successful  determination  of  such  small  depar¬ 
tures. 


Excluding  all  observations  of  small  weight,  namely  those  in  which  ordinates  of 
the  drift  curves  were  very  small,  or  days  in  which  clouds  came  up  during  the  observa¬ 
tions  and  thus  spoiled  the  forms  of  the  curves,  there  remain  12  days  when  drift 
curves  were  obtained  at  Washington  and  “solar  constant”  values  at  Mount  Wilson. 

The  results  of  the  comparison  are  given  in  the  following  table,  but  their  gen¬ 
eral  indication  is  much  better  shown  by  the  accompanying  figure  18.  The  observa- 
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tions  are  arranged  in  the  table  in  order  of  the  magnitudes  of  the  “solar  constant” 
values.  The  results  for  the  various  wave  lengths  are  given  separately  and  then 
are  averaged.  From  the  average  values  are  selected  groups  corresponding  to 
approximately  similar  values  of  the  solar  constant,  and  the  mean  values  by  groups 
are  given.  In  the  last  two  columns  of  the  table  are  stated  the  number  of  days  and 
the  number  of  separate  departures  included  in  the  groups.  In  the  accompanying 
illustration  the  values  for  the  several  wave  lengths  are  first  plotted  separately. 
Then  are  plotted  the  mean  departures  for  all  wave  lengths  combined  for  each  day 
of  observation.  Finally  the  mean  departures  are  plotted  by  groups. 


Table  58. —  The  solar  constant  and  the  contrast  between  center  and  edge  of  the  sun. 


Wave  lengths. 

Weighted  group 
means. 

Observed. 

Date. 

Solar 

con¬ 

stant. 

H  0.456 

H  0.481 

H  0.501 

It  0.534 

It  0.604 

It  0.670 

It  0.699 

It  0.866 

Mean 
of  all. 

Mean 

depar¬ 

ture. 

Mean 

solar 

constant. 

De- 

par- 

Days. 

Departures. 

tures. 

1908. 

Calories 

June  16 

1.892 

-52.8 

-40.8 

-44.1 

-62.0 

-25.3 

-45.0 

•  -32.3 

July  16 
June  19 

1.902 

-33.4 

+  13.0 

-12.8 

-11. 1 

1.896 

8 

2 

1.935 

-25.9 

-16.6 

-15.9 

-19.5 

-10.7 

Oct.  6 

1.935 

+  0.2 

-  8.4 

+  2.4 

-10.5 

-  4. 1 

1.935 

7 

2 

June  18 

1.944 

-21.2 

-39.9 

—30.6 

24 

1.944 

-36.0 

-21.8 

-24.5 

-24.5 

-14.8 

-24.3 

-23.7 

9 

1.946 

-30.0 

-35.7 

-20.8 

-17.4 

-26.0 

1.946 

12 

4 

July  15 
Oct.  13 

1.951 

+  2.6 

-15.8 

+  2.6 

-18.3 

1.959 

-10.1 

-30.7 

-16.6 

-15.1 

June  13 

1.962 

+  3.3 

-  1.6 

-34.3 

-10.9 

1.960 

7 

2 

Oct.  5 

1.977 

-  5.9 

-11.5 

+  13.2 
+  6.6 

-  1.4 

•  -10.3 

June  8 

1.982 

-29.2 

-23.3 

-19.8 

-26.2 

-  7.3 

-  1.6 

-14.4 

1.980 

10 

2 

In  the  final  plot  of  the  series  there  is  a  definitely  marked  tendency  toward 
increasingly  negative  departures  with  decreasing  values  of  the  “  solar  constant.” 
The  same  tendency  is  plainly  marked  also  in  the  plots  corresponding  to  wave  lengths 
0.501  fa,  0.534  fi,  0. 670  /a,  and  0.866  fi.  The  plots  for  the  other  wave  lengths,  if  not 
strongly  inclined  in  the  same  direction,  are  not  contradictory  to  it. 

The  observations  of  two  days,  namely  July  16  and  October  6,  are  out  of  harmony 
with  those  of  others.  Turning  to  Table  33,  the  reader  may  perceive  that  on 
July  16  and  October  6,  1908,  the  solar-constant  values  were  lower  than  the  mean 
of  those  of  the  preceding  and  following  days  by  0.06  and  0.04  calories,  respectively. 
In  fact,  in  the  case  of  July  16  the  solar-constant  value  seems  quite  abnormal. 
This  day  has  been  re-reduced  without  appreciable  change.  October  6  was  a  day 
on  which  uncommonly  great  attention  was  paid  to  the  reduction,  so  that  there  is 
no  hope  of  altering  it.  Nevertheless,  it  is  possible  that  abnormal  sky  conditions 
caused  these  two  days  to  yield  too  low  solar-constant  values.  If  for  these  two  days 
the  solar-constant  values  could  be  increased  to  1.95  and  1.97  calories,  respectively, 
the  solar-constant  results  and  the  drift-curve  results  would  both  be  greatly  improved 
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in  appearance.  In  fact,  if  this  could  be  done  for  October  6  alone,  the  drift-curve 
results  would  become  strikingly  concordant  in  their  indications. 

The  range  of  mean  values  of  drift-curve  departures  in  Table  58  is  from  +2.6 
to  —45.0,  and  in  the  means  of  groups  from  —10.3  to  —32.3.  These  ranges  corre¬ 
spond,  respectively,  to  about  3  per  cent  and  1.4  per  cent  of  the  mean  standard 
ordinates  for  the  part  of  the  drift  curves  from  which  they  were  determined.  The 
reader  may  then  justly  inquire  if  these  small  departures  mean  anything  other  than 
experimental  error.  In  answer  to  this  inquiry,  let  us  recall  that  in  general  three 
drift  curves  are  made  on  a  given  day  at  each  wave  length.  These  are  each  measured 
at  19  points.  Of  these  points  8  enter  directly  into  the  estimation  of  a  departure. 
Hence  24  measurements  enter  directly  into  the  formation  of  a  single  value  for  a 
given  day  and  wave  length,  as  given  in  Table  58.  The  final  groups  of  that  table 
each  rest,  on  the  average,  on  9  such  single  values,  and  therefore  each  final  group 
value  rests  directly  on  216  measurements  (and  indirectly  on  297  others)  made  upon 
27  separate  and  independent  drift  curves.  The  probable  error  of  the  final  mean 
value  of  the  departure  for  June  8,  which  may  be  regarded  as  representative,  is  but 
1.6.  This  is  only  0.001  as  great  as  the  mean  ordinate  from  which  the  departures 
are  taken.  The  total  range  of  the  group  departures  is  14  times  this  probable  error. 

In  view  of  this,  it  is  rather  the  solar-constant  values  than  the  drift-curve  depar¬ 
tures  which  seem  to  be  the  weakest  element  of  the  investigation.  But,  as  we  have 
indicated,  there  are  only  2  of  the  solar-constant  values  out  of  the  12  given  which 
are  out  of  harmony  with  the  general  tendency.  The  change  of  these  two  by  not 
more  than  2  per  cent  each  would  improve  the  results  from  all  points  of  view. 

So  far  as  these  results  of  the  comparison  of  solar-constant  values  and  drift- 
curve  departures  may  be  depended  on,  they  show  that  on  the  average  for  all  wave 
lengths  the  drift-curve  departures  (between  0.75  and  0.92  on  the  solar  disk  radius) 
change  numerically  in  the  direction  from  negative  to  positive  departures,  by  0.003 
of  the  mean  height  of  the  drift  curves  in  this  region,  corresponding  to  an  increase 
of  1  per  cent  in  the  solar  constant  of  radiation.  In  other  words,  if  the  intensity  of 
total  radiation  at  the  center  of  the  sun’s  disk  be  taken  always  as  10,000,  and  the 
intensity  at  83.5  per  cent  out  on  the  radius  as  (roughly)  7,000,  there  will  be  a  change 
from  7,000  to  7,021  if  the  intensity  of  solar  radiation  decreases  by  1  per  cent.  This 
implies  increased  contrast  between  the  center  and  edge  of  the  solar  disk  for  increased 
values  of  the  solar  constant  oi  radiation.  The  data  available  are  not  accurate 
enough  to  show  whether  the  effect  is  greater  or  less  with  increasing  wave  lengths. 

Some  evidence  presented  at  pages  229  and  232  of  these  Annals,  Volume  II, 
led  us  provisionally  to  an  opposite  opinion  to  that  which  we  now  adopt  as  to  the 
relation  of  the  solar  constant  to  the  amount  of  contrast  between  the  center  and  edge 
of  the  sun.  But  the  data  there  presented  lacked  so  much  in  homogeneity  and 
accuracy  that  we  stated  on  page  230  of  Volume  II  that  the  evidence  was  inconclusive. 
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The  result  of  the  present  comparison  seems  to  be  quite  as  definite  as  could  be 
expected,  and  leads  to  the  following  conclusions,  which  may  be  held  subject  to 
the  results  of  later  investigations: 

First.  The  cause  which  produces  the  variability  of  the  solar  radiation  at  the 
earth’s  mean  distance  from  the  sun  is  not  the  interposition  of  some  obstacle  between 
the  sun  and  the  earth,  which  might  not  affect  the  insolation  of  one  of  the  planets 
at  the  same  time  as  the  earth,  but,  rather,  a  change  in  the  sun  itself. 

Second.  This  change  is  probably  not  merely  local  at  one  place  upon  the  sun, 
as  it  might  be  if  caused  by  a  rift  in  the  sun’s  outer  envelope,  as  for  instance,  in  the 
solar  corona,  but  rather  a  change  general  over  the  whole  visible  disk  of  the  sun. 
The  values  of  the  departures  obtained  are  not  accurate  enough  to  settle  this  point 
conclusively. 

Third.  The  change  is  of  a  kind  to  increase  the  contrast  between  the  center 
and  the  edge  of  the  sun  with  increasing  values  of  the  solar  constant  of  radiation. 

In  considering  the  cause  which  might  produce  such  changes  as  these,  it  seems  to 
us  that  the  older  view,1  namely,  that  the  relative  darkening  of  the  limb  of  the  sun 
as  compared  with  the  center  is  due  to  the  absorption  of  a  solar  envelope,  itself  not  a 
strongly  radiating  layer,  is  inconsistent  with  the  facts.  For  if  the  solar  constant 
were  reduced  and  the  limb  darkened  by  reason  of  decreased  transparency  of  some 
such  absorbing  but  not  strongly  radiating  medium,  the  contrast  between  the  edge 
and  the  center  of  the  sun  would  be  increased  with  decreasing  values  of  the  solar 
constant. 

Suppose,  on  the  other  hand,  we  consider  the  view  of  the  sun  which  was  pro¬ 
posed  on  page  210  of  the  Annals  of  this  Observatory,  Volume  II,  and  afterwards 
elaborated  in  Chapter  6  of  Abbot’s  “The  Sun,”  according  to  which  the  whole  sun 
is  gaseous,  and  no  such  outer  nonradiating  absorbing  layer  is  contemplated.  We 
must  suppose  that  the  higher  the  solar  temperature  the  larger  must  be  the  gradient 
of  temperature  between  the  inner  and  outer  layers  of  the  sun.  Accordingly,  admit¬ 
ting  the  gaseous  nature  of  the  sun,  and  the  cause  of  the  darkening  of  its  limb  to  be 
(as  explained  in  the  cited  works)  the  higher  effective  level  and  lower  temperature 
of  the  radiating  sources  near  the  edge  of  the  sun’s  disk  as  compared  with  the  cen¬ 
ter,  the  falling  off  of  radiation  ( that  is  to  say,  the  amount  of  contrast)  between  the 
center  and  the  edge  of  the  solar  disk  will  be  greater  the  higher  the  temperature  of 
the  interior  of  the  sun.  We  might  then  suppose  that  the  variation  of  the  solar  con¬ 
stant  of  radiation  is  caused  by  fluctuations  of  the  temperature  of  the  interior  of  the 
sun.  These  might  be  brought  about,  as  suggested  by  Moulton,  by  a  vibration  of  the 
material  composing  the  sun,  but  however  brought  about,  an  increase  of  tempera¬ 
ture  would  naturally  increase  the  gradient  of  temperature  between  the  interior  and 

1  See  Langley,  Am.  Jour.  Sci.,  3d  series,  Vol.  X,  p.  32,  1875;  Pickering,  Am.  Acad.  Proc.  Vol.  X,  p.  428,  1875; 
Vogel,  Monatsber.  d.  k.  Preuss.  Akad.  d.  Wiss.,  p.  104,  1877. 
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outer  layers  of  the  sun.  Such  an  increase  of  temperature  and  increase  of  gradient 
will  cause  an  increase  of  contrast  between  the  center  of  the  sun’s  visible  disk  and 
the  limbs.  This  is  in  accordance  with  the  observations  just  described. 

But  with  no  increase  of  temperature  of  the  interior  of  the  sun  a  mere  increase 
of  transparency  of  its  outer  layers  would  permit  us  to  receive  radiation  from  deeper 
(and  hence  hotter)  sources  at  the  center  of  the  disk,  where  the  rays  come  out  at 
right  angles  to  the  surface.  This  would  occur  without  much  altering  the  depth  and 
temperature  of  the  sources  of  radiation  at  the  sun’s  limbs,  where  the  rays  come  out 
obliquely.  Thus  whichever  way  we  regard  the  matter  on  the  basis  of  the  gaseous 
sun  we  find  the  results  in  agreement  with  what  we  should  expect — that  is  to  say, 
increased  contrast  between  the  center  and  limbs  should  attend  greater  total  solar 
radiation,  and  this  is  as  found  experimentally. 

In  view  of  the  extraordinarily  interesting  nature  of  the  results  of  these  experi¬ 
ments  it  is  now  much  regretted  that  they  were  discontinued,  as  above  stated,  in  1909. 
We  hope  to  take  them  up  again  under  first-rate  conditions  very  soon.  There  are 
still  a  considerable  number  of  observations  of  years  1907,  1908,  and  1909  not  meas¬ 
ured  nor  reduced.  We  have  lacked  the  time  to  compute  these  measurements  for 
this  present  volume,  but  expect  to  reduce  them  later.  There  are  no  solar-constant 
measurements  of  ours  with  which  they  may  be  compared,  but  it  is  not  impossible 
that  they  will  be  found  to  have  considerable  interest  in  connection  with  the  pyrhelio- 
metrie  determinations  of  the  solar  constant  made  by  Prof.  Kimball  and  others. 

86053°— 13 - 12 


SUMMARY. 


The  principal  features  of  the  present  volume  are  the  determination  of  the 
standard  scale  of  radiation;  the  determination  of  the  mean  value  of  the  solar  con¬ 
stant  of  radiation;  the  proof  of  the  sun’s  variability;  the  determination  of  the 
transparency  of  the  atmosphere  for  different  altitudes  above  sea  level;  the  investi¬ 
gation  of  the  brightness  of  the  sky  at  different  altitudes;  the  determination  of  the 
distribution  of  brightness  over  the  sun’s  disk  for  different  wave  lengths,  and  the 
investigation  of  the  question  whether  this  distribution  varies  with  the  intensity  of 
solar  radiation. 

Three  new  standard  pyrheliometers  are  described,  each  capable  of  receiving 
the  solar  radiation  in  a  chamber  of  the  type  of  the  “absolutely  black  body,”  each 
capable  of  determining  known  quantities  of  heat  within  one  per  cent,  and  all  agree¬ 
ing  with  one  another  in  fixing  the  scale  of  radiation  to  within  a  maximum  range  of 
1  per  cent.  The  results  obtained  with  these  instruments  exceed  those  of  the  Ang¬ 
strom  pyrheliometer  by  3.9  per  cent.  Experiments  as  yet  unpublished  indicate 
that  this  discrepancy  will  be  almost  wholly  removed  by  correcting  two  small  sources 
of  error  in  the  Angstrom  pyrheliometer. 

The  methods  of  observing  the  solar  constant  of  radiation  are  described,  and 
sample  observations  and  reductions  are  given. 

Measurements  of  the  solar  radiation  have  been  carried  on  at  Mount  Wilson, 
Mount  Whitney,  and  Bassour,  Algeria.  Descriptions  are  given  of  these  stations 
and  of  the  apparatus  used  at  each. 

There  have  been  made  upwards  of  700  1  complete  series  of  observations  of  the 
solar  constant  of  radiation  by  the  method  of  Langley,  comprising  pyrheliometric 
and  spectrobolometric  observations  at  high  and  low  sun.  The  mean  result  of  696 
determinations  of  the  solar  constant  of  radiation  is 

1.932  CALORIES  PER  SQUARE  CENTIMETER  PER  MINUTE. 

These  measurements  have  been  continued  from  the  year  1902  to  1912.  They 
have  been  made  at  stations  ranging  from  sea  level  to  4,420  meters  in  elevation,  but 
no  differences  depending  upon  the  altitude  of  the  observing  station  have  disclosed 
themselves.2 

Solar-constant  measurements  were  made  nearly  simultaneously  at  Mount 
Wilson,  California,  and  Bassour,  Algeria,  during  several  months  of  1911  and  1912. 

1  Many  values  of  1912  are  not  yet  reduced. 

2  Certain  discrepancies  of  preliminary  publications  have  now  been  traced  to  their  sources  and  eliminated. 
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The  measurements  of  1911  were  somewhat  interfered  with  by  cloudiness,  and  those 
of  1912  by  the  volcanic  dust  which  was  disseminated  from  the  eruption  of  Mt.  Katmai 
in  Alaska,  June  6  and  7,  1912.  Nevertheless,  the  two  expeditions  agree  in  showing 
that  when  high  values  of  the  solar  radiation  are  observed  at  Mount  Wilson,  high 
values  are  found  also  at  Bassour  and  vice  versa.  The  measurements  seem,  in  fact, 
to  prove  conclusively  that  the  radiation  of  the  sun  is  subject  to  a  variation,  occurring 
irregularly  in  periods  of  a  week  or  10  days,  and  whose  fluctuations  are  also  irregular 
in  magnitude,  but  usually  within  the  range  of  7  per  cent. 

In  addition  to  this  short  period  variability  of  the  sun,  thus  disclosed,  an  intimate 
association  between  the  intensity  of  solar  radiation  and  the  prevalence  of  sun 
spots  appears  to  be  strongly  indicated.  This  relation  is  such  that  the  greater  the 
number  of  sun  spots  the  higher  is  the  intensity  of  the  solar  radiation.  This  relation 
is  the  reverse  of  that  which  is  indicated  by  the  temperature  of  the  earth;  for,  as 
shown  in  Volume  II  of  these  Annals,  and  in  the  paper  entitled  “  Volcanoes  and 
Climate”  found  in  the  Appendix,  the  temperature  of  the  earth  is  below  the  normal 
at  sun-spot  maximum. 

An  investigation  is  given  of  the  relation  of  the  solar  radiation  to  the  distribution 
of  it  in  the  solar  spectrum,  as  it  would  be  found  outside  the  earth’s  atmosphere. 
This  investigation  appears  to  show  that  while  the  intensities  of  rays  of  all  wave 
lengths  fall  with  the  decrease  of  the  total  solar  radiation,  the  decrease  is  much 
more  rapid  for  the  shorter  wave  rays  than  for  the  longer. 

Tables  are  given  showing  the  transparency  of  the  atmosphere  for  different 
wave  lengths  at  sea  level,  at  1,160  meters,  at  1,730  meters,  and  at  4,420  meters. 
It  is  shown  that  the  presence  of  the  volcanic  dust  in  the  summer  of  1912  produced 
great  changes  in  the  transparency  of  the  atmosphere  both  at  Mount  Wilson  and  at 
Bassour.  This  subject  is  more  fully  treated  in  a  paper  entitled  “Volcanoes  and 
Climate,”  which  will  be  found  in  the  Appendix. 

The  subject  of  the  distribution  of  radiation  in  the  solar  spectrum,  as  it  would  be 
found  outside  of  the  earth’s  atmosphere,  is  treated  in  a  paper  entitled  “The  Sun’s 
Energy-Spectrum  and  Temperature,”  which  will  be  found  in  the  Appendix. 

Two  papers  by  Mr.  Fowle  on  the  atmospheric  water  vapor  will  be  found  in  the 
Appendix.  A  new  method  is  disclosed  for  determining  the  quantity  of  precipitable 
water  between  the  observer  and  the  limit  of.  the  atmosphere,  and  the  application  of 
this  method  to  the  determination  of  the  quantity  of  precipitable  water  above 
Mount  Wilson  in  the  years  1910  and  1911  is  given. 

Chapter  VI  is  devoted  to  measurements  of  the  brightness  of  the  sky  by  day. 
Results  of  experiments  at  Flint  Island  in  the  South  Pacific  Ocean,  at  Bassour, 
Algeria,  altitude  1,160  meters,  and  at  Mount  Whitney,  California,  altitude  4,420 
meters,  are  given.  A  special  apparatus  for  the  investigation  of  the  relative  bright¬ 
ness  of  different  parts  of  the  sky  was  designed  and  first  used  on  Mount  Whitney. 
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It  is  hoped  to  continue  these  measurements  at  Mount  Wilson  in  future  years.  From 
a  summary  of  the  observations  on  the  brightness  of  the  sky,  and  pyrheliometric  and 
spectrobolometric  observations  giving  the  intensity  of  the  radiation  of  the  sun  at 
the  earth’s  surface,  it  is  shown  that  the  volcanic  haze  prevailing  at  Bassour,  Algeria, 
in  September,  1912,  appeared  to  diminish  the  quantity  of  heat  available  to  warm 
the  earth  by  about  10  per  cent. 

In  Chapter  VII  are  explained  the  methods  of  observation  and  reduction  and 
the  results  obtained  in  the  examination  of  the  distribution  of  brightness  in  different 
wave  lengths  over  the  disk  of  the  sun.  Tables  of  standard  distribution  of  brightness 
depending  on  numerous  observations  are  given,  and  it  is  shown  to  be  probable  that 
variations  of  contrast  between  the  edge  and  center  of  the  sun  occur  in  connection 
with  the  short-period  solar  variations  already  referred  to. 

The  dependence  of  solar  radiation  on  the  prevalence  of  sun  spots,  while  strongly 
indicated,  requires  perhaps  further  observations  for  full  credence.  The  relations 
found  between  the  form  of  the  sun’s  energy  spectrum  and  the  intensity  of  solar 
radiation,  and  the  dependence  of  the  distribution  of  brightness  over  the  sun’s  disk 
on  the  intensity  of  solar  radiation  will,  we  hope,  be  confirmed  by  further  study. 
The  standard  scale  of  radiation  and  the  mean  value  of  the  solar  radiation  for  the 
epoch  1905  to  1912  seem  to  be  fixed  within  1  per  cent.  The  satisfactory  accord  of 
numerous  observations  made  nearly  simultaneously  at  Bassour  and  at  Mount  Wilson, 
separated  by  about  one-third  the  circumference  of  the  earth,  and  therefore  not  sub¬ 
ject  to  the  same  local  influences,  proves,  we  believe,  the  short-period  variability 
of  the  sun. 
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THE  SPECTROSCOPIC  DETERMINATION  OF  AQUEOUS  VAPOR. 

By  F.  E.  FOWLE. 

[Reprinted  from  Astrophysical  Journal,  Vol.  XXXV,  p.  149, 1912.) 

The  purpose  of  this  research  is  to  make  possible  the  determination  of  the 
amount  of  aqueous  vapor  present  in  the  atmosphere  by  the  observation  of  the 
absorption  at  certain  wave  lengths  produced  by  this  vapor  in  the  spectra  of  bodies 
observed  through  it.  This  requires  the  noting  in  the  laboratory  of  the  absorption 
resulting  at  these  wave  lengths  from  known  amounts  of  water  vapor  at  as  nearly 
as  possible  the  same  conditions  as  to  pressure,  density,  and  temperature  that  exist 
in  the  atmosphere. 

ABSORPTION  BANDS. 

The  water- vapor  bands  in  the  infra-red  spectrum  known  as  (A= 1.13  fi) 
and  T'  (^=1.47  have  been  chosen  for  this  purpose.  Figure  19  shows  the  bot¬ 
tom  of  <F,  figure  20,  T  with  T'  as  these  bands  appear  in  the  solar  energy  spectrum. 
Figure  21  shows  the  same  bands  as  well  as  £1  and  the  band  at  about  2.25  fi,  also  due 
to  water  vapor,  as  they  appear  in  the  energy  spectrum  of  a  Nernst  glower  when 
observed  through  vapor  corresponding  to  0.101  cm.  precipitable  water.1  The 
form  of  these  bands  depends  not  only  on  the  amount  of  aqueous  vapor  absorption, 
but  also  on  the  purity  of  the  spectrum  as  influenced  by  the  widths  of  the  slit  and 
of  the  bolometer  and  the  character  of  the  spectroscope.  A  line  has  been  drawn 
over  the  tops  of  the  large  bands  as  indicated  in  figures  20  and  21,  and  the  trans- 
missibility  of  radiation  taken  as  the  ratio  of  the  ordinates  of  the  energy  curve  at 
the  chosen  places  to  the  ordinates  of  this  line  directly  above.  Since  slight  absorp¬ 
tion  due  to  aqueous  vapor  may  exist  in  the  spectrum  on  either  side  of  the  bands 
and  4* ,  this  ratio  may  not  give  exactly  the  true  transmissibility.  But  the  error, 
if  any,  should  affect  the  laboratory  work  and  its  applications  in  the  same  sense, 
and  therefore  should  be  almost  wholly  eliminated  in  the  application  of  this  method. 

1  In  this  discussion  the  amount  of  absorbing  vapor  will  be  stated,  for  brevity,  as  so  much  precipitable  water,  mean¬ 
ing  the  depth  of  water  which,  if  evaporated  into  a  column  of  the  same  section,  would  produce  the  absorbing  layer  of 
vapor.  This  should  not  be  construed  as  meaning  that  the  liquid  water  produces  the  same  amount  of  absorption  as  the 
corresponding  vapor. 
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APPARATUS  AND  METHOD  OF  OBSERVING. 


Light  from  the  source  N,  composed  of  Nernst  lamps,  passed  through  the  tube 
T,  containing  water  vapor,  to  the  concave  mirror  M1}  51  cm.  in  diameter  and  42.7 
meters  focus,  thence,  collimated,  to  the  flat  mirror  M2,  76  cm.  in  diameter,  back  to 
Mi,  and  then  to  focus  on  the  slit  of  the  spectroscope  at  S.  Sometimes,  before 
entering  the  spectroscope,  the  beam  was  returned  over  the  course  through  the 
water  vapor  by  the  two  flats  Ft  F2  beside  the  slit.  The  first  arrangement  gave  a 
path  through  the  water  vapor  in  the  tube  of  about  117  meters,  to  which  must  be 


Fig.  19.— Energy  curves  of  bottom  of  water-vapor  band  0. 


added  the  path  through  the  spectroscope,  giving  a  total  path  of  128.5  meters;  the 
corresponding  value  for  the  second  case  was  245.5  meters  (806  feet).  This  long 
path  greatly  reduced  the  intensity  of  the  lamp’s  image  at  the  slit  of  the  spectro¬ 
scope.  There  also  resulted  a  serious  vibration  of  this  image  due  to  the  consequent 
magnification  of  the  small  tremors  of  the  mirrors.  These  two  causes  went  far  to 
limit  the  accuracy  attainable  in  the  observations. 

The  lamp  used  as  a  source  of  radiation  was  composed  of  two  layers  of  Nernst 
alternating-current,  110- volt  lamps,  four  glowers  wide,  five  long.  The  rear  layer 
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was  so  adjusted  as  to  shine  through  the  interstices  of  the  front  layer,  presenting  a 
glowing  surface  about  90  by  5  mm.  These  glowers  were  placed  in  the  rear  of  a 
rectangular  cavity,  100  by  10  mm,  and  40  mm.  deep,  cut  into  a  block  of  soapstone. 

The  spectroscope  was  supplied  with  a  60°  prism  of  flint  glass  described  in  the 
first  volume  of  the  Annals  of  this  Observatory,  page  45.  The  bolometer  was 
0.1  mm.  wide,  12  mm.  tall,  and  subtended  27"  (about  0.006  (i  in  the  region  of  the 
spectrum  under  study).  The  slit  was  from  0.5  to  2  mm.  in  width  by  100  mm.  in 
height,  subtending  from  20"  to  78".  The  other  details  of  the  spectroscope  may 
be  learned  from  figure  22.  The  galvanometer  had  a  time  of  single  swing  of  about 
3  seconds.  Its  indications  were  recorded  on  a  moving  photographic  plate  as 
described  in  the  above  Annals,  page  58. 

The  large  galvanized-iron  tube  for  the  water  vapor  was  open  at  its  ends,  double 
walled,  and  covered  with  a  canvas  tent  to  protect  it  from  rapid  temperature  changes. 
A  rotary  blower  served  to  stir  the  vapor  within  the  tube  and  free  it  from  stratification 
just  before  an  observation.  It  was  not  feasible  to  run  the  blower  during  an  obser¬ 
vation  because  of  the  tremors  communicated  to  the  mirrors  and  to  the  galvanometer. 


Fig.  22.— Plan  of  apparatus. 


Steam  could  be  forced  in  by  the  blower  to  increase  the  amount  of  aqueous  vapor, 
but  most  of  the  measures  were  taken  with  the  amount  of  vapor  normally  present 
in  the  tube.  All  the  measures  were  at  atmospheric  pressure. 

MEASUREMENT  OF  THE  QUANTITY  OF  AQUEOUS  VAPOR. 

The  amount  of  aqueous  vapor  was  determined  by  wet  and  dry  thermometers 
at  the  spectroscope,  at  the  mirror  shelters,  and  at  several  places  in  the  tube. 
These  were  read  while  the  air  was  stirred  by  the  fan.  Check  determinations  were 
made  several  times  by  Mr.  L.  B.  Aldrich,  who  absorbed  in  tubes  of  calcium  chloride 
and  phosphorus  pentoxide  the  water  vapor  from  known  volumes  of  air  taken  from 
the  tube.  The  following  table  gives  the  water  per  cubic  meter  as  measured  by 
the  two  methods: 


By  wet  and  dry 
thermometers. 

Absorbed  by  CaClj 
and  P2O5 

Grams. 

Grams. 

3. 25 

3. 29 

3.  82 

3.  85 

7.  96 

8.  76 
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The  following  shows  a  determination  of  the  amount  of  water  vapor  in  the 
large  tube  just  preceding  and  just  after  an  observation  on  the  transmissibility  of 
radiation  through  the  water  vapor: 


August  11, 1911:  Barometer  762  mm. 

Dry . 

Wet . 

3476 

26.1 

3774 

27.5 

36745 

26.8 

35765  C. 

26.6 

llh  45m 

Grams  per  cubic  meter  before  ob¬ 
servation . 

19.5 

20.7 

19.8 

19.8 

Mean  20. 0 

Dry . 

Wet . 

3578 

26.  55 

38785 

27.  75 

3871 

27. 45 

37715  C. 

26.  85 

12h  30” 

Grams  per  cubic  meter  after  ob¬ 
servation . 

19.7 

20.3 

20.6 

19.5 

Mean  20.  0 

CORRECTIONS  FOR  THE  WIDTHS  OF  THE  SLIT  AND  BOLOMETER. 

Perhaps  the  greatest  obstacle  to  the  use  of  the  spectroscope  for  the  quantitative 
determination  of  vapor  producing  an  absorption  line  or  band  lies  in  the  allowance 
for  the  purity  of  the  spectrum.  The  greater  the  purity,  the  greater  generally  is  the 
observed  absorption  at  the  bottom  of  a  band.  With  the  spectroscope  used  here 
the  resolving  power,  as  dependent  upon  the  optical  system,  is  such  that  in  the 
region  of  the  spectrum  studied,  two  lines  separated  by  about  3"  (0.0007  (i ,  60°  flint- 
glass  prism)  may  be  resolved.  The  bolometer  subtends  an  angle  of  27"  (0.0046  [t 
at  <I>,  0.0062  at  $);  at  the  same  places  in  the  spectrum,  the  slit,  from  20"  to  78" 
(0.0034  [l  to  0.0134  [i  at  <h,  0.0046  to  0.0179  at  *P).  The  limiting  angle  of  resolution 
of  the  prism,  3",  is  therefore  negligible  in  the  following  discussion  compared  with 
the  sum  of  the  angles  subtended  in  the  spectrum  by  the  slit  and  bolometer,  47"  to 
105".  In  the  spectroscope  used  for  solar-constant  observations  at  Mount  Wilson 
the  bolometer-plus-the-slit  subtended  about  92"  (0.022  [i  at  both  and  »P,  60° 
ultra-violet  glass  prism). 

In  spectrobolometric  researches  energy-curves  are  obtained  with  a  bolometer 
and  slit  of  finite  widths  and  an  attempt  is  generally  made  to  correct  the  form  of  the 
observed  curves  to  represent  the  distribution  of  energy  which  would  have  been 
obtained  had  the  bolometer  and  slit  been  indefinitely  narrow.  Prof.  Runge  has 
published  a  method  for  obtaining  such  corrections.1  Although  some  improvement 
in  the  observations  is  thus  made,  evidently  no  mathematical  process  can  replace  high 
purity  for  revealing  spectrum  details.  Fortunately  in  the  present  research  a  more 
satisfactory  expedient  is  available.  It  is  desired  to  reduce  the  observations  made 


1  Zeitschrift  fur  Mathematik  und  Physik,  42,  205,  1897. 
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with  the  water  vapor  in  the  tube,  not  to  a  grade  of  purity  corresponding  to  zero 
slit  and  bolometer,  but  to  a  grade  of  purity  corresponding  to  that  of  some  other 
spectroscope.  This  Observatory  has  published  1  the  form  of  the  bands  and  T 
(figs.  19  and  20  of  this  article)  as  determined  with  apparatus  far  better  as  regards 
purity  than  the  apparatus  in  use  for  the  present  research.  By  measuring  areas 
included  under  those  old  curves  between  ordinates  separated  by  any  chosen  spec¬ 
trum  intervals,  the  ordinates  which  would  have  been  observed  with  a  spectroscope 
in  which  the  slit  and  bolometer  combined  would  cover  the  corresponding  spectrum 
interval  could  be  determined.  In  this  way  the  old  curves  with  high  purity  have 
been  transformed  to  the  conditions  of  the  apparatus  prevailing  during  the  tube 
work  at  Washington  or  during  the  solar-constant  work  at  Mount  Wilson.  From 
the  results  of  such  transformations  it  is  possible  to  reduce  the  measures  of  the 
present  research  and  of  the  Mount  Wilson  work  to  any  desired  condition  of  purity 
short  of  those  which  prevailed  in  the  old  work  published  in  Volume  I  of  the  Annals. 

Curves  computed  for  various  degrees  of  purity  as  just  described  are  indicated 
by  the  dotted  lines  in  figures  19  and  20.  For  instance,  in  curve  b,  figure  19,  the 
slit  plus  the  bolometer  covered  a  region  in  the  spectrum  of  0.013  ft,  curve  c,  0.025  ft. 
It  is  interesting  to  note  the  peculiar  positions  of  the  minima  in  curve  b  as  compared 
with  those  of  curve  a. 

These  corrections  for  the  finite  widths  of  the  slit  and  bolometer  are  a  function 
of  the  amount  of  absorption  as  well  as  of  the  purity  of  the  spectrum.  To  determine 
this  second  effect  a  new  curve  (6,  fig.  20)  was  determined  from  curve  a  of  the  same 
figure  using  the  formula  2  dw=dQaw,  where  dw  is  the  deflection  observed  through 
an  amount  of  water  vapor  w;  dQ  that  with  no  vapor,  and  a  the  transmissibility 
with  unit  thickness  of  vapor.  For  the  computed  curve  w  was  taken  as  equal  to 
3  w  of  the  observed  curve.  By  such  means  a  series  of  corrections  was  obtained  as 
known  functions  of  the  purity  and  of  the  observed  coefficients  of  transmission. 


1  Annals,  Vol.  I,  Pis.  XX,  XXI  A  and  B. 

2  Smithsonian  Miscellaneous  Collections,  Vol.  47,  p.  1,  1904. 
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OBSERVATIONS. 

The  accompanying  table  contains  the  observations  on  the  transmissibility 
through  water  vapor  of  the  radiations  of  the  wave  lengths  1.13  (<&)  and  1.47  ^  (*?')• 


Date. 

Barom¬ 

eter. 

Tem¬ 
pera¬ 
ture  of 
vapor. 

Slit 

width. 

Log.  of  transmission. 

Water 

vapor.3 

Obser¬ 

vations. 

Observed.1 

Corrected.2 

1.13  p. 

1.47  /I. 

1.13  ii. 

1.47  n- 

mm. 

°c. 

mm. 

cm. 

Sept.  2,  1909  . . . 

764 

24 

(1) 

0.  977 

0.  984 

0.  979 

0.  985 

0.  013 

Aug.  24,  1909. .. 

766 

29 

.  983 

.  983 

.  015 

21,  1911... 

767 

29 

0.  5 

.  966? 

.  970? 

.  016 

25,  1909. .. 

31 

1.0 

.  974 

.  970 

.  977 

.  972 

.  020 

Sept.  2,  1909... 

764 

28 

(1) 

.905 

.910 

.914 

.917 

.101 

2,2 

May  13,  1911 ... 

765 

32 

2.  0 

.897 

.  903 

.  128 

Aug.  21,  1911... 

767 

32 

0.5 

.876 

.923? 

.891 

.931? 

.132 

1,2 

20,  1909. .. 

757 

35 

.  913? 

.  913? 

.  165 

24,  1909. . . 

766 

33 

.  895 

.  895 

.  171 

25,  1909. .. 

35 

1.  0 

.  855 

.  875 

.869 

.884 

.  192 

2,2 

9,  1911. .. 

762 

36 

2.0 

.  901 

.  899 

.209 

10,  1911... 

764 

36 

1.0 

.855 

.853 

4.866 

4.873 

.210 

3,3 

0.  5 

.  828 

.870 

0.  5 

.  854 

.  857 

24,  1911... 

764 

35 

1.0 

.806 

.862 

.852 

.871 

.233 

2,2 

0.  5 

.  869 

May  13,  1911... 

765 

38 

2.0 

.848 

.896 

.857 

.894 

.244 

Aug.  19,  1911... 

761 

29 

1.0 

.808 

.838 

.825 

.849 

.249 

21,  1911... 

767 

30 

1.0 

.799 

.820 

4.837 

4.851 

.259 

4,4 

29 

1.  0 

.834 

.  885 

31 

1.  0 

.  807 

.  826 

31 

0.  5 

.  824 

.834 

11,  1911... 

762 

38 

1.0 

.797 

.852 

4.824 

4.849 

.262 

3,3 

38 

0.  5 

.804 

.  805 

40 

0.  5 

.807 

.866 

May  12,  1911... 

761 

35 

2.0 

.840 

.866 

.  849 

.863 

.275 

July  29,  1911... 

765 

32 

2.0 

.826 

.825 

.836 

.822 

.369 

2/2 

Aug.  19,  1911. .. 

761 

27 

1.0 

.  781 

.838 

.800 

.848 

.370 

3,3 

10,  1911... 

764 

38 

1.0 

.699 

.774 

4.810 

.807 

.392 

3,3 

38 

1.  5 

.  840 

.  795 

38 

2.  0 

.  800 

.  840 

34 

2.  0 

.  784 

.  793 

.  795 

.  789 

.  398 

24,  1911... 

766 

32 

1.0 

.  779 

.811 

.798 

.824 

.422 

3,3 

May  19,  1911... 

760 

33 

2.0 

.  778 

.839 

.789 

.836 

.438 

Aug.  11,  1911... 

762 

35 

1.5 

.755 

.774 

.  772 

.  791 

.492 

2,2 

36 

1.  0 

.  740 

.  787 

39 

1.5 

.730 

.784 

.748 

.  791 

.540 

1  Logarithm  of  the  percentage  radiation  transmitted,  as  observed  with  the  slit  indicated  in  the  table. 

2  Same  corrected  to  the  spectroscope  in  use  at  Mount  W ilson  for  solar-constant  determinations;  slit+bolometer  covers  0.022  in  the  spectrum  at 
1.13  n  and  1.47 

3  Depth  of  water  layer  which,  if  evaporated  into  column  of  the  same  section,  would  produce  the  amount  of  absorbing  vapor. 

*  Weighted  mean. 
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Figures  23  and  24  give  graphical  representations  of  these  results  for  and  *P' 
reduced  to  spectroscopic  conditions  where  the  slit  plus  the  bolometer  covers  a 


Fig.  23. — Transmissibility  of  radiation  through  water  vapor.  Abscissae,  precipitable  water;  ordinates, 
logarithm  of  transmissibility  of  radiation  at  <5  (1.13  n). 


Fig.  24.— Transmissibility  of  radiation  through  water  vapor.  Abscissae,  precipitable  water;  ordinates, 
logarithm  of  transmissibility  of  radiation  at  ¥l  (1.47  /i). 


region  0.022  ft  in  the  spectrum.  These  are  approximately  the  conditions  fulfilled 
by  the  spectroscope  in  use  at  Mount  Wilson  during  1910  for  solar-constant  deter- 
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minations.  The  ordinates  are  the  logarithms  of  the  percentage  transmissibility  of 
radiation  at  1.13  (i  and  1.47  fi,  respectively,  the  abscissae,  the  corresponding  quan¬ 
tities  in  centimeters  of  precipitable  water.  Besides  the  separate  observations  there 
are  indicated  on  the  plot  by  stars  the  mean  results  of  all  the  determinations  reduced 
by  groups. 

EXTENSIONS  OF  THE  RESULTS  FOR  GREATER  AMOUNTS  OF 

WATER  VAPOR. 

The  tube  experiments  just  described  extend  over  a  range  of  precipitable  water 
up  to  0.5  cm.  According  to  Humphreys  1  the  precipitable  water  in  the  path  of  a 
beam  from  the  zenith  to  sea  level  may  often  reach  1.5  cm.  It  was  not  feasible  to 
extend  the  tube  experiments  directly  to  such  quantities;  but  from  the  Mount 
Wilson  bolographs  taken  at  high  and  low  sun  the  curves  of  figures  23  and  24  may 
be  extended,  provided  days  may  be  found  when  the  aqueous  vapor  in  the  air 
remained  nearly  constant  for  two  or  three  hours.  For  the  relative  lengths  of  the 
paths  passed  through  by  the  radiation  from  the  sun  may  be  computed,  being  pro¬ 
portional  to  the  secant  of  the  zenith  distance  of  the  sun;  then  if  the  absolute  amounts 
of  the  water  vapor  traversed  during  the  high-sun  observations  are  found  by  means 
of  figures  23  or  24  the  corresponding  amounts  of  vapor  in  the  path  of  the  lower- 
sun  observations  may  be  determined.2  If  the  earlier  portion  of  the  line  determined 
by  means  of  these  solar  observations  coincides  with  the  line  from  the  tube  work, 
we  may  feel  considerable  certainty  that  the  portion  beyond  furnishes  a  reasonable 
extrapolation.  Having  extended  the  curve  one  step,  the  new  portion  may  be  used 
likewise  for  still  further  extension.  It  is  worth  noting  that  on  the  days  chosen  by 
the  criterion  that  the  earlier  portion  of  the  plotted  observations  should  agree  in 
curvature  with  the  tube  work,  the  readings  of  the  wet  and  dry  thermometers  at 
the  top  of  the  mountain  indicated  a  greater  constancy  of  vapor  pressure  than  usual. 

As  a  result  of  such  extensions  figure  25  was  obtained.  The  full  curve  repre¬ 
sents  the  data  for  T',  the  dotted  line,  for  4>.  The  ordinates  are  the  logarithms  of 
the  percentage  transmission  of  radiation  at  and  T',  respectively,  the  abscissae, 

1  Bulletin  of  the  Mount  Weather  Observatory,  4,  121,  1911. 

2  For  example,  the  following  data  on  the  transmission  at  ¥'  were  obtained  from  observations  at  Mount  Wilson: 


1.00 

1.50 

2.00 

3, 00 

0.824 

0.783 

0.740 

0.670 

The  first  two  of  these  transmissions  lie  within  the  range  of  figure  24  and  give  for  the  corresponding  amounts  of 
vapor:  0.386  cm.  precipitable  water  and  0.547  cm.  The  latter  value  is  for  a  path  1.50  times  as  long  as  for  the  firstand 
reduced  to  the  same  path,  gives  0.365;  the  mean  of  0.386  and  0.365  is  0.375;  multiplying  this  mean  by  the  relative 
paths  as  given  in  line  one  of  this  note  we  have  for  extending  the  curve: 


0.375 

0.562 

0.750 

1.125 

0. 824 

0.783 

0.740 

0. 670 
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the  corresponding  precipitable  water.  There  are  also  given  on  this  diagram  the 
corrections  necessary  to  reduce  the  curve  for  *P'  to  various  other  spectroscopic  con¬ 
ditions,  namely:  where  the  slit  plus  the  bolometer  covers  0.025,  0.020,  0.015,  and 
0.010  [z  in  the  spectrum.  On  this  subsidiary  plot  the  abscissae  correspond  to  the 
ordinates  of  the  larger  plot  (log.  transmission),  the  ordinates,  the  amount  by  which 
the  curve  must  be  lowered  (raised  for  0.025  (z ).  In  other  words,  the  ordinates  are 
the  logarithmic  percentage  corrections  plotted  on  the  same  scale  as  used  for  the 
logarithms  of  the  principal  line. 


Fig.  25. — Transmissibility  of  radiation  through  water  vapor.  Abscissae:  precipitable  water.  Ordinates:  log.  percentage  transmissibility  for 
radiation.  Continuous  curve  for  W'\  dotted  curve  for  <P. 

Subsidiary  plot:  abscissae,  log.  percentage  transmission  at  W'\  ordinates,  log.  percentage  correction  to  T'  curve  for  slit+bolometer=0.010  it, 
0.015  it,  0.020  n,  and  0.025  pt. 

The  laboratory  observations  on  the  transmissibility  at  $  and  T',  as  given  in 
columns  5  and  6  of  the  table,  probably  have  nearly  equal  weight.  When  they  are 
reduced  to  the  conditions  of  the  Mount  Wilson  spectroscope  the  figures  for  the  latter 
have  considerably  the  greater  weight.  At  T'  the  spectroscopic  conditions  in  the 
laboratory  and  at  Mount  Wilson  were  nearly  identical  as  to  purity,  and  the  correction 
was  therefore  small.  For  <E>,  however,  since  the  dispersion  in  this  region  is  consid¬ 
erably  smaller  in  the  Mount  Wilson  spectroscope,  the  corresponding  correction  is 
much  larger  and,  because  of  the  shape  of  the  band,  is  more  doubtful. 
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VARIATION  OF  THE  ABSORPTION  WITH  PRESSURE. 

It  may  be  objected  that  the  laboratory  work  has  all  been  done  at  atmospheric 
pressure  while  some  of  the  vapor  of  the  atmosphere  is  under  somewhat  reduced 
pressures.  Unfortunately  the  variation  of  the  transmission  with  the  pressure  has 
not  been  determined  for  the  bands  employed  here.  But  Miss  Eva  von  Bahr  1 
gives  for  the  water-vapor  band  at  2.7  y  the  following  values  for  the  absorption 
of  a  constant  amount  of  aqueous  vapor  under  varying  pressures : 


mm 

Per  cent. 

mm 

Per  cent. 

105 

4.6 

405 

8.5 

235 

7.2 

570 

10.6 

370 

8.6 

755 

12.0 

The  increase  in  pressure  was  produced  by  dry  air  which  exercises  practically 
no  absorption  at  this  place.  Miss  von  Bahr  found  that  the  absorption  due  to  a 
vapor  depended  to  a  great  degree  upon  the  total  pressure  exerted  upon  it,  not  upon 
its  own  partial  pressure.  She  also  states  that  the  “absorption  as  dependent  upon 
the  total  pressure  is  in  general,  for  the  same  gas,  the  same  in  the  different  bands.” 

It  may  therefore  give  a  fair  estimate  of  the  magnitude  of  this  pressure  effect 
in  the  region  of  and  to  use  these  observations  made  at  2.7  y.  Using  the  distri¬ 
bution  of  aqueous  vapor  at  different  altitudes  as  given  by  Humphreys  (op.  cit.), 
a  vertical  column  of  air  which  would  give  a  transmission  of  88  per  cent,  with  the 
pressure  uniform  throughout  at  760  mm.,  would  give,  with  a  distribution  of  pres¬ 
sures  such  as  actually  exists  in  the  atmosphere,  according  to  the  measures  of  Miss 
von  Bahr,  90  per  cent  in  summer,  89  in  winter.  With  the  distribution  of  vapor 
above  Mount  Wilson,  the  transmission  comes  out  90  per  cent  for  both  summer  and 
winter.  This  computation  indicates  that  it  would  take  a  slightly  greater  amount 
of  vapor  to  produce  an  absorption  noted  in  the  spectrum  of  a  celestial  body  than 
the  curves  of  figure  25  would  show.  If  the  observations  are  made  at  the  surface 
of  the  earth,  the  difference  would  be  1  or  2  per  cent  and  about  3  per  cent  if  made 
at  Mount  Wilson. 

Before  concluding  the  writer  wishes  to  express  his  gratitude  to  Mr.  Abbot 
for  his  criticisms  and  suggestions  while  preparing  this  matter  for  publication. 

SUMMARY. 

By  laboratory  experiments  on  the  transmissibility  of  radiation  through  long 
columns  of  air  containing  known  amounts  of  water  vapor  the  dependence  of  trans¬ 
mission  on  the  water-vapor  content  has  been  determined  for  the  infra-red  bands 
and  *P'.  The  direct  determinations  cover  quantities  of  water  vapor  up  to  a  depth 


1  Ueber  die  Einwirkung  des  Druckes  auf  die  Absorption  ultraroter  Strahlung  durch  Gase,  p.  68,  Upsala,  1908. 
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of  0.5  cm.  of  precipitable  water.  Beyond  this  the  determinations  have  been 
extended  by  aid  of  solar  observations  made  on  Mount  Wilson.  This  extension 
does  not  require  assumptions  as  to  the  actual  quantities  of  water  vapor  in  the 
solar  beam,  but  only  as  to  the  relative  quantities  as  fixed  by  the  length  of  path 
of  the  beam.  As  the  purity  of  the  spectrum  enters  into  the  results  it  has  been 
necessary  to  determine  the  dependence  of  transmission  of  water  vapor  on  different 
values  of  combined  slit  and  bolometer  width.  While  the  experiments  have  been 
made  only  at  atmospheric  pressure,  a  computation  is  given  which  shows  that  the 
results  are  probably  applicable  with  slight  correction  to  the  actual  pressures  at 
which  water  vapor  occurs  in  the  atmosphere.  Accordingly,  a  method  has  been 
established  by  means  of  which  the  total  quantity  of  water  vapor  between  the 
observer  and  the  sun  may  be  easily  determined  by  spectrobolometric  observa¬ 
tions.  It  is  proposed  in  subsequent  papers  to  give  applications  of  the  method. 

86053°— 13 - 13 


THE  DETERMINATION  OF  AQUEOUS  VAPOR  ABOVE  MOUNT 

WILSON. 

[Reprinted  from  Astrophysical  Journal,  Vol.  XXXV,  1913.] 


By  F  E.  FOWLE. 

This  paper  gives  the  amounts  of  aqueous  vapor  above  Mount  Wilson,  Cali¬ 
fornia,  on  certain  days  of  the  years  1910  and  1911  as  determined  by  the  method 
developed  in  the  article  entitled  “The  Spectroscopic  Determination  of  Aqueous 
Vapor”  in  the  Astrophysical  Journal  for  last  April.1  A  comparison  is  then  made 

between  the  values  thus  deter¬ 
mined  and  those  got  by  the  for¬ 
mulae  developed  by  Hann, 
Humphreys,  and  others. 


OBSERVATIONS. 

On  Mount  Wilson,  as  a  part  of 
the  regular  observations  for  the 
determinations  of  the  intensity 
of  the  solar  radiation,  each  clear 
morning  during  the  summer 
months,  energy  curves  of  the 
solar  spectrum  are  taken  as  the 
sun  rises  higher  and  higher 
above  the  horizon.  In  these 
curves  (holographs),  the  pres- 

Fig.  26.— Transmissibility  inland  in  Ordinates  values  for  W,  abscissae  values  for  p.  ence  of  Watei  VapOF  in  the  path 

of  the  sun’s  rays  causes  several  deep  indentations,  or  bands,  which  are  deeper  the 
greater  the  amount  of  water  vapor.  With  a  height  of  the  energy  curve  on  either 
side  of  the  bands  of  some  10  cms.,  the  depth  in  the  bands  may  range  from  3  to  8 
cms.  These  magnitudes  are  so  great  that  far  higher  accuracy  is  here  possible 
than  in  atmospheric  aqueous-vapor  determinations  by  ordinary  photometric 
measures  of  the  photographic  spectra  sometimes  used. 

Across  a  band  produced  in  a  holographic  energy  spectrum  of  the  sun  by  the 
atmospheric  water  vapor  a  line  is  drawn  and  the  transmissibility  is  measured  by 
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1  Astrophysical  Journal,  Vol.  XXXV,  1912,  p.  149,  reprinted  in  this  Appendix. 
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the  ratio  of  the  ordinate  at  the  bottom  of  a  band  to  the  corresponding  ordinate 
of  the  line  drawn  across  the  top.  The  loss  of  energy  due  to  the  general  absorption 
of  the  atmosphere  is  eliminated  from  this  ratio  since  it  effects  in  equal  proportions 
both  the  numerator  and  the  denominator. 

The  calibration  in  the  laboratory  at  Washington  of  these  ratios  for  the  bands 
<J>  and  T'  with  the  equivalent  amount  of  water  vapor  necessary  to  produce  them  was 
discussed  in  detail  in  the  earlier  paper.  The  results  for  T'  were  the  more  accurate. 
In  the  solar  spectrum 
work  to  be  described  the 
bands  p,  <£',  and  *P'  were 
measured,  p  the  most 
accurately1,  *P'  the  least 
accurately,  and  only  half 
as  often  as  the  others. 

In  order  to  use  the  p 
ratios  for  the  determina¬ 
tion  of  water  vapor,  they 
must  first  be  reduced  to 
the  corresponding  ones  for 
or  T'.  The  full  line 
curve  in  figure  26  for  this 
purpose  is  made  by  using 
the  transmissibility  in  p, 
as  abscissae  against  those 
in  as  ordinates.  The 
relation  between  the  bands 
is  so  definite  that  the 
measures  in  p  may  at  once 
be  reduced  to  the  corres¬ 
ponding  values  for  T', 
and  then  by  means  of  the 
calibration  curves,  figure  25,  of  the  earlier  article,  the  amount  of  water  vapor 
corresponding  to  the  depths  of  the  three  bands,  O',  T',  and  p,  via  is  obtained. 


Fig.  27.— Atmospheric  water  vapor  and  solar  radiation.  Mount  Wilson.  Ordinates,  logarithms 
of  transmissibilitios  in  water  vapor  bands.  Abscissae,  secants  of  sun’s  zenith  distances. 


REDUCTION  OF  OBSERVATIONS. 

The  length  of  the  path  through  the  water  vapor  in  the  atmosphere  traversed 
by  the  solar  beam  is  proportional  to  the  secant  of  the  zenith  distance  for  the  zenith 
distances  used  to  within  1  per  cent.2  When  the  sun  is  in  the  zenith  this  length  of 

1  This  difference  in  accuracy  in  laboratory  and  field  observations  of  different  bands  is  due  to  the  very  different 
distribution  of  energy  in  the  solar  prismatic  spectrum  from  that  in  the  Nernst  glower  spectrum  used  in  laboratory  work. 

2  Annals  of  the  Astrophysical  Observatory  of  the  Smithsonian  Institution,  Vol.  II,  p.  63. 
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path  (air  mass)  is  taken  as  unity.  The  observations  are  plotted  as  shown  in  figure 
27,  where  the  data  of  several  days  is  treated,  ranging  from  nearly  the  highest  amount 
of  absorbing  vapor  to  nearly  the  lowest.  As  abscissae  are  used  air  masses,  as  ordi¬ 
nates  the  logarithms  of  the  transmissibilities  since  with  these  coordinates  the 
resulting  plots  are  nearly  linear.1 

From  such  plots  were  read  for  each  day  the  transmissions  at  air  masses  3.0 
and  1.2,  corresponding  very  closely  to  the  beginning  and  to  the  end  of  a  day’s  observa¬ 
tions;  the  calibration  plot  (figure  25  of  the  earlier  paper)  was  entered  with  these 
values  and  the  corresponding  amount  of  water  in  the  form  of  vapor  found;  these 
values  were  then  divided  by  the  air  masses,  3.0  and  1.2,  respectively.  The  resulting 

water  vapor  is  stated  as 
so  much  precipitable 
water,  being  the  depth 
of  liquid  water  which  if 
in  the  form  of  vapor 
would  be  contained  in 
the  column  of  air  of  the 
same  section  reaching 
vertically  to  the  limits 
of  the  atmosphere. 
This  implies  the  same 
distribution  of  the  vapor 
in  successive  atmos¬ 
pheric  layers  concentric  with  the  earth  for  a  vertical  column  as  in  the  actually 
observed  column  which  was  not  vertical. 

These  times  for  the  determination  of  the  vapor,  namely,  when  the  sun  was  at 
an  altitude  of  19°  27"  and  56°  26",  respectively  (air  masses,  3.0  and  1.2),  though 
perhaps  ill  chosen  for  meteorological  purposes  were  better  adapted  to  the  astro- 
physical  purposes  to  which  the  data  will  finally  be  put.  At  latitude  34°  13'  north 
the  observations  at  air  mass  3.0  correspond  roughly  to  the  following  apparent 
times:  May  1,  6h  54m;  June  1,  6h  37m;  July  1,  6h  34m;  August  1,  6h  47m;  September 
1,  7h  14m;  October  1,  7h  47m;  November  1,  8h  25m;  all  of  the  morning.  For  the  air 
mass  1.2,  roughly  to  10h  a.  m. 

The  results  thus  obtained  are  given  in  the  following  table  (59)  and  the  accom¬ 
panying  plot  (fig.  28).  The  table  contains  data  only  for  1910,  merely  to  save  space. 
The  results  for  1911  may  be  read  from  figure  28. 


1  This  is  merely  a  convenient  empirical  device.  The  truly  linear  relation  holds  only  for  homogeneous  rays. 
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Table  59. — Atmospheric  water  vapor,  Mount  Wilson,  California,  1910. 


Date. 

Early  morning. 

Late  morning. 

Change. 

P 

$ 

Mean. 

P 

V 

Mean. 

cm . 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

Per  cent. 

June  1 

0.  53 

0.47 

O  O  .  „  O  .  «  . 

0.51 

0. 83 

0.  63 

0.71 

0.72 

0. 21 

0.22 

2 

.33 

.28 

0.30 

.30 

.37 

.33 

.35 

.35 

.05 

.17 

4 

.41 

.34 

.37 

.37 

.42 

.36 

.38 

.39 

.02 

6 

5 

.38 

.29 

.34? 

.33 

.40 

.24 

.35 

.02 

6 

6 

.55 

.43 

.46 

.48 

.65 

.55 

.57 

.59 

.11 

23 

8 

.32 

.22 

.38 

.31 

.37 

.27 

.26 

.30 

-.01 

-  3 

9 

.46 

.33 

.50 

.43 

.56 

.48 

.62 

.55 

.12 

28 

10 

1.84 

1.07 

1.40? 

1.44 

2.02 

1.  73 

2.22 

1.99 

.55 

38 

11 

.71 

.50 

.56 

.59 

.42 

.32 

.39 

-.20 

-34 

12 

.17 

.12 

.14 

.14 

.21 

.17 

.24 

.21 

.07 

50 

13 

.44 

.46 

.37 

.42 

.55 

.45 

.56 

.52 

.10 

24 

16 

1.00 

.76 

.86 

.87 

1.11 

1.01 

1.12 

1.08 

.21 

24 

17 

.76 

.62 

.70 

.69 

.88 

.77 

.79 

.81 

.12 

18 

18 

.57 

.49 

.56 

.54 

.64 

.51 

.52 

.56 

.02 

4 

19 

.48 

.41 

.40 

.43 

.54 

.48 

.45 

.49 

.06 

14 

20 

.77 

.66 

.67 

.70 

.71 

.57 

.69 

.66 

-.04 

-  6 

21 

.31 

.23 

.23 

.26 

.32 

.23 

.29 

.03 

12 

24 

.65 

.54 

.59 

.59 

.88 

.73 

.84 

.82 

.23 

39 

25 

.71 

.63 

.64 

.66 

.78 

.73 

.64 

.72 

.06 

10 

27 

.66 

.57 

.63 

.71 

.64 

.67 

.67 

.04 

6 

28 

.47 

.39 

.40 

.42 

.58 

.48 

.47 

.51 

.09 

22 

30 

.69 

.62 

.61 

.64 

.84 

.72 

.82 

.79 

.15 

24 

July  2 

.31 

.27 

.28 

.29 

.39 

.36 

.32 

.36 

.07 

24 

3 

.56 

.46 

.48 

.50 

.58 

.50 

.51 

.53 

.03 

6 

4 

.37 

.31 

.31 

.33 

.51 

.44 

.47 

.47 

.14 

43 

5 

.57 

.50 

.34 

.47 

.57 

.47 

.47 

.50 

.03 

6 

6 

1.21 

.87 

1.04 

1.22 

1.05 

1.19 

1.15 

.11 

11 

7 

.92 

.72 

.78 

.81 

1.02 

.91 

.95 

.96 

.15 

19 

8 

.72 

.62 

.71 

.68 

.93 

.75 

.76 

.81 

.13 

19 

9 

.65 

.52 

.61 

.59 

.75 

.63 

.71 

.70 

.11 

19 

10 

.66 

.57 

.64 

.62 

.67 

.54 

.62 

.61 

-.01 

-  1 

11 

.87 

.83 

.86 

.87 

.73 

.89? 

.83 

-.03 

-  4 

15 

1.42 

1.19 

1.53 

1.38 

1.82 

1.58 

1.74? 

1.71 

.33 

24 

19 

2.19 

2. 10 

2.14 

2.38 

1.97 

2.45 

2.27 

.13 

6- 

28 

1.62 

1.31 

1.67 

1.53 

1.61 

1.37 

1.59 

1.52 

-.01 

-  1 

Aug.  1 

.83 

.74 

.92 

.83 

.95 

.77 

.73 

.82 

-.01 

-  1 

2 

1.18 

.94 

1.33 

1. 15 

1.41 

1.19 

1.47 

1.36 

.21 

18 

3 

1.31 

1.07 

1.35 

1.24 

4 

.83 

.73 

.80 

.89 

.73 

.73? 

.78 

-.02 

-  2 

5 

.40 

.32 

.35 

.36 

.54 

.43 

.58 

.52 

.16 

45 

6 

.96 

.80 

.90 

.89 

.95 

.73 

.83 

.84 

-.05 

-  6 

7 

1.51 

1.26 

1.45 

1.41 

1.67 

1.42 

1.70 

1.60 

.19 

13 

9 

1.70 

1.43 

1.53 

1.55 

1.78 

1.52 

1.66 

1.65 

.10 

6 

10 

1.91 

1. 91 

2. 17 

1.89 

2.  22 

2  09 

.  18 

9 

12 

1. 28 

.94? 

1.17 

1.06 

.96 

1.19 

1.07 

-.10 

-  9 

13 

.19 

.15 

.17 

.17 

.15 

.17 

.16 

-.01 

-  6 
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Table  59. — Atmospheric  water  vapor ,  Mount  Wilson,  California,  1910 — Continued. 


Date. 

Early  morning. 

Late  morning. 

Change. 

P 

0 

Mean. 

P 

* 

Mean. 

cm.. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

Per  cent. 

Aug.  14 

.22 

.17 

.20 

.20 

.42 

.27 

.36 

.35 

.15 

75 

15 

.44 

.33 

.36 

.38 

.56 

.46 

.57 

.53 

.15 

39 

16 

.36 

.30 

.34 

.43 

.27 

.38 

.04 

12 

17 

.94 

.82 

.89 

.88 

1. 12 

.98 

.98 

1.  03 

.15 

17 

21 

2.  27 

2.  27 

2.  83 

2.  34 

2.  53 

2.  57 

.  30 

25 

22 

1.96 

1.  77 

1.  87 

2. 11 

1.87 

1.  93 

1.  97 

.  10 

5 

23 

2.  09 

1.  93 

2.  01 

2.  24 

1.  98 

2.  20 

2. 14 

.  13 

6 

25 

1.62 

1.  30 

1.  67 

1.  53 

2.04 

1.  81 

2.  37? 

2.  07 

.54 

36 

26 

1.83 

1.  48 

1.85 

1.  72 

1.  75 

1.  56 

1.  53 

1.  61 

11 

-  6 

27 

1.  48 

1. 12 

1.  34 

1.  31 

1.  40 

1.  26 

1.  67 

1.44 

.  13 

10 

28 

.63 

.49 

.60 

.57 

.77 

.63 

.84 

.75 

.18 

32 

29 

.26 

.21 

.22 

.23 

.32 

.21 

.30 

.28 

.05 

22 

Sept.  1 

1.  84 

1.39 

1.  80 

1.  68 

2.  38 

1.60 

2. 12 

.44 

26 

5 

.63 

.53 

.67 

.61 

.78 

.61 

.86? 

.75 

.14 

23 

6 

.40 

.31 

.39 

.37 

.52 

.40 

.53? 

.48 

.11 

30 

7 

.37 

.31 

.37 

.35 

.42 

.41 

.54 

.46 

.11 

32 

8 

.29 

.21 

.29 

.26 

.35 

.35 

.35? 

.35 

.09 

35 

9 

1.  64 

1.21 

1. 33 

1.  39 

1.  86 

1.  34 

1.  69 

.30 

22 

11 

1. 18 

.91 

1.  20 

1. 10 

.73 

.68 

.89? 

.77 

-.33 

-30 

12 

.72 

.57 

.66 

.  65 

.75 

.65 

.91? 

.77 

.12 

19 

16 

.  80 

.  60 

.  73 

.  95 

.  73 

.88 

.  15 

21 

17 

.39 

.32 

.38 

.36 

.53 

.43 

.58 

.51 

.15 

42 

18 

.44 

.37 

.43 

.41 

.48 

.33 

.43 

.02 

5 

19 

.50 

.39 

.49 

.46 

.37 

.30 

.39 

.35 

-.11 

-24 

20 

.  34 

.27 

.  32 

.38 

.  33 

.36 

.  04 

13 

21 

.  34 

.  27 

.32 

.43 

.37 

.41 

.09 

28 

22 

.39 

.34 

.41 

.38 

.53 

.44 

.54 

.50 

.12 

32 

23 

.58 

.42 

.57 

.52 

.61 

.49 

.65? 

.58 

.06 

12 

24 

.47 

.37 

.46 

.43 

.77 

.61 

.75 

.71 

.28 

66 

25 

.63 

.51 

.71 

.62 

.  73 

.62 

.73 

.69 

.  07 

12 

26 

.50 

.42 

.53 

.48 

.66 

.54 

.73 

.64 

.16 

33 

27 

.51 

.42 

.50 

.48 

.66 

.47 

.72 

.62 

.  14 

29 

28 

.41 

.33 

.40 

.38 

.75 

.  54 

.68 

.30 

79 

Oct.  2 

.53 

.42 

.47 

.47 

.64 

.56 

.64 

.61 

.14 

30 

3 

.83 

.67 

.74 

.75 

.92 

.66 

.76 

.78 

.03 

4 

6 

.82 

.65 

.72 

.73 

.95 

.78 

.89 

.87 

.  14 

19 

7 

.51 

.43 

.49 

.48 

.62 

.53 

.61 

.59 

.  11 

23 

8 

.64 

.53 

.60 

.59 

.77 

.71 

.82 

.77 

.  18 

31 

9 

.58 

.42 

.48 

.49 

.63 

.52 

.60 

.58 

.09 

19 

10 

.66 

.54 

.60 

.60 

.77 

.68 

.78 

.74 

.  14 

23 

17 

1. 13 

.93 

1.04 

1.  03 

1.  43 

.  97 

1. 10 

1. 17 

.14 

14 

18 

1. 14 

.90 

1.00 

1.  01 

1. 14 

1.  08 

1.  22 

1. 15 

.14 

14 

19 

.37 

.27 

.31 

.32 

.43 

.32 

.38 

.38 

.06 

19 

20 

.40 

.32 

.  36 

36 

.63 

.53 

.62 

.59 

.23 

64 

24 

.27 

.21 

.24 

.24 

.38 

.36 

.43? 

.39 

.15 

62 

25 

.60 

.49 

.55 

.55 

.61 

.53 

.61 

.58 

.03 

6 
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Table  59. — Atmospheric  water  vapor ,  Mount  Wilson,  California,  1910 — Continued. 


Date. 

Early  morning. 

Late  morning. 

Change. 

P 

<f> 

Mean. 

P 

*!>' 

Mean. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

Per  cent. 

Oct.  26 

.44 

.34 

.39 

.39 

.65 

.63 

.  73 

.67 

.28 

72 

27 

.59 

.49 

.55 

.54 

.88 

.69 

.80 

.79 

.25 

46 

31 

.86 

.67  : 

.75 

.76 

1. 11 

.88 

1.00 

1.  00 

.24 

32 

Nov.  1 

.79 

.61 

.68 

.69 

.88 

.77 

.88 

.84 

.15 

22 

5 

.46 

.32 

.36 

.38 

.49 

.40 

.47 

.45 

.07 

19 

6 

.  32 

.32 

.  46 

.46 

.  14 

44 

7 

.36 

.31 

.36 

.34 

.50 

.46 

.53 

.50 

.16 

47 

8 

.29 

.23 

.27 

.26 

.41 

.28 

.34 

.34 

.08 

31 

9 

1.08 

.68 

.76 

.84 

.83 

.69 

.80 

.77 

-.07 

-  8 

In  taking  the  daily  means,  where  *P'  has  been  lacking,  double  weight  has  been 


given  p. 


Mean  monthly  atmospheric  vapor  for  clear  days. 


June. 

July. 

August. 

September. 

October. 

November. 

Early  morning: 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

1910..... . 

0. 53 

0.86 

1.07 

0. 59 

0.58 

0.48 

1911 . 

L  78 

.86 

.61 

.56 

.37 

.49 

Late  morning: 

1910.... . 

.62 

.96 

1.17 

.70 

.73 

.56 

1911... . 

1.  76 

.99 

.72 

.63 

.52 

.74 

1  Few  observations. 


Mean  yearly  atmospheric  vapor  for  clear  days. 


Early  morning:  Cm. 

1910.  0.71 

1911.  . 0.55 

Late  morning: 

1910.. .  0.82 

1911 .  0.69 


General  mean .  0.  69 


Change  in  atmospheric  vapor  during  day  observations. 


Range. 

0  to  0.05 
cm. 

0.05  to  0.10 
cm. 

0.10  to  0.15 
cm. 

0.15  to  0.20 
cm. 

0.20  to  0.30 
cm. 

Above  0.30 
cm. 

Days. 

Days. 

Days. 

Days. 

Days. 

Days. 

1910 . . . . . 

22 

19 

34 

8 

12 

4 

1911 . 

14 

21 

21 

8 

9 

7 

Total . 

36 

40 

55 

16 

21 

11 

Average  change :  Cm. 

1910 . 0.13 

1911.. . . 0.14 

Average  increase: 

1910.. .... .  0.11 

1911.. . . . . . . . .  0. 12 
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It  may  be  noted  that  the  values  determined  through  <I>  are  in  general  somewhat 
lower  than  those  through  p  and  *P'.  This  maybe  because  the  slit  correction  (see 
earlier  paper)  is  not  complete. 

Again,  there  is  unfortunately  a  narrow  absorption  band  very  close  to  <I>,  due 
to  the  ultra-violet  glass  of  which  the  prism  of  the  spectroscope  used  at  Mount  Wilson 
is  made,  which  may  slightly  influence  the  transmissibility  for  <h.  The  values  for 
T'  are  on  the  average  slightly  lower  than  those  for  p.  The  calibration  curve  (fig. 
27)  was  determined  from  both  1910  and  1911  observations;  1911  data  alone  would 
show  the  value  for  *P'  slightly  higher  than  those  for  p. 


COMPARISON  WITH  DETERMINATIONS  FROM  SURFACE  HUMIDITIES. 


The  formula  in  most  general  use  for  the  determination  of  the  aqueous  vapor 
present  in  the  atmosphere  from  measures  of  the  humidity  at  the  surface  of  the 
earth  by  the  readings  of  the  “ wet  and  dry”  thermometers,  or  otherwise,  is  that 
due  to  Hann.1  If  Qw  is  the  depth  in  centimeters  of  the  precipitable  water  in 
the  atmosphere,  ew  the  vapor  pressure  in  centimeters  of  the  water  vapor  at 
the  surface  and  K  a  constant,  then  Qw=preciptable  water=Kew.  Hann’s  value 
for  K  is  2.3.  Humphreys  has  recently  2  gathered  together  considerable  further 
data  from  balloon  and  kite  observations  and  considers  a  somewhat  smaller  value 
of  k,  namely,  2.0,  would  be  preferable  for  “clear  days”  such  as  would  presumably 
be  suitable  for  bolometric  observations.  Hann’s  constant  was  determined  from 
observations  on  “all  sorts  of  days.” 

The  above  values  of  K  are  for  determinations  from  sea-level  surface-of-the- 
earth  data;  for  the  elevation  of  Mount  Wilson  (1.73  kilometers)  somewhat  different 
values  would  be  used.  If  e0,  ew,  and  et  are  the  pressures  of  the  aqueous  vapor  in 
centimeters  at  sea  level,  on  a  mountain  and  in  the  free  air,  the  two  latter  stations 
being  at  an  altitude  of  h  meters,  then 


and 


e<=eo10 


i  +-L_! 
6000V1  ^ 20000* 


When  h=  1,730  meters 


(Mount  Wilson),  then 

ew— 0.54eo 
ef= 0.49eo. 


1  Hann,  Lehrbuch  der  Meteorologie,  pp.  224-226. 

2  Bulletin  of  the  Mount  Weather  Observatory,  4,  121,  1911. 
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The  more  complete  formula  for  Q  is 


Q=2.3e0 


-h 

5000 


1-10 


Whence  the  total  amount  of  precipitable  water  from  sea  level  to  the  limits  of  the 
atmosphere  is,  with  Hann’s  constants, 

Qo=2.3e0 

and  above  the  level  of  Mount  Wilson, 


whence 


Qw=2.3e0(.45)  =  .45Q0 
Qw — 1 .9cw. 


A  summation  of  the  data  collected  by  Humphreys  for  the  air  above  the  level 
corresponding  to  that  of  Mount  Wilson  with  due  allowance  for  the  increase  in  the 
vapor  pressure  on  a  mountain  over  what  it  would  be  in  the  free  air  at  the  same 
altitude,  viz: 


ew  0.54 
^~~0.49 


=  1.10 


gave 


Qw — 1.7cw 


However,  if  the  data  is  summed  by  seasons,  there  results: 

For  spring - Qw=1.9ew, 

For  summer _  =1.6ew, 

For  fall _  ~l.7ew, 

For  winter _  =1.6ew. 


In  Table  60  are  given  the  values  of  K  necessary  to  get  from  the  wet-and-dry 
determinations  of  the  vapor  pressure  at  the  surface  on  Mount  Wilson  the  amount 
of  atmospheric  water  vapor  as  measured  by  the  spectroscope.  Five  sets  of  data 
are  shown,  the  first  two  including  some  days  graded  as  excellent  in  1910  and  1911, 
respectively;  the  third  set,  days  when  the  spectroscope  indicated  unusual  constancy 
in  the  amount  of  aqueous  vapor;  the  fourth  and  fifth,  through  two  notable  passages 
over  Mount  Wilson  of  very  moist  periods. 
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Table  60. — Comparison  oj  atmospheric  water-vapor  determinations  by  the  spectroscope  and  by 

surjace  humidities. 


FIRST  SELECTION,  EXCELLENT  DAYS,  1910. 


Date. 

Q=water  by  spectroscope, 
when — 

ew= surface  vapor  pressure, 
when — 

Q=Kew-  Values  of  K, 
when — 

m=3.0. 

m=1.2. 

m=3.Q. 

m=1.2. 

m=3.0. 

.  m=1.2. 

June  12 

cm. 

0. 14 

cm. 

0.21 

cm. 

0.33 

cm. 

0.  58 

0.42 

0. 36 

Aug.  13 

.17 

.16 

.20 

.41 

.85 

.39 

Sept.  8 

.26 

.35 

.20 

.25 

1.30 

1.40 

June  21 

.26 

.29 

.54 

.70 

.48 

.42 

July  2 

.29 

.36 

.45 

.60 

.64 

.60 

4 

.33 

.47 

.38 

.34 

.87 

1.38 

Aug.  5 

.36 

.52 

.30 

.50 

1.20 

1.04 

15 

.38 

.53 

.43 

.61 

.88 

.87 

June  19 

.43 

.49 

.41 

.54 

1.05 

.91 

July  5 

.47 

.50 

.19 

.40 

2.47 

1.25 

June  6 

.48 

.59 

.60 

.71 

.80 

.83 

Aug.  28 

.57 

.75 

.34 

.50 

1.68 

1.50 

June  24 

.59 

.82 

.70 

.81 

.84 

1.01 

July  9 

.59 

.70 

.35 

.60 

1. 69 

1.17 

June  27 

.63 

.67 

.53 

.80 

1. 19 

.84 

17 

.69 

.81 

.63 

.87 

1. 10 

.93 

July  7 

.81 

.96 

.60 

.95 

1.35 

1.01 

June  16 

.87 

1.08 

.75 

.89 

1. 16 

1. 21 

Aug.  17 

.88 

1.03 

.085 

.20 

10. 40 

5.20 

July  6 

1. 04 

1.15 

.28 

.32 

3. 72 

3.60 

Aug.  2 

1.15 

1.36 

.40 

.62 

2.88 

2.20 

June  10 

1.44 

1.99 

.53 

.71 

2.72 

2.80 

Aug.  9 

1.55 

1.65 

.75 

.80 

2.06 

2.06 

23 

2.01 

2.14 

.71 

.76 

2.83 

2.81 

July  19 

2. 14 

2. 27 

1. 10 

1.27 

1.95 

1.79 

Aug.  21 

2.27 

2. 57 

.60 

.85 

3.78 

3. 12 

SECOND  SELECTION,  EXCELLENT  DAYS,  1911. 

Oet.  3 

0.27 

0.40 

0.32 

0.55 

0.84 

0.73 

Aug.  11 

.31 

.36 

.38 

.57 

.82 

.63 

Oct.  10 

.25 

.28 

.14 

.36 

1.79 

.78 

Aug.  1 

.36 

.48 

.49 

.62 

.74 

.77 

13 

.39 

.44 

.43 

.50 

.91 

.88 

6 

.39 

.48 

.75 

1.00 

.52 

.48 

29 

.80 

.81 

.31 

.58 

2.58 

1.40 

Sept. 14 

.82 

.81 

.62 

.63 

1.32 

1.29 

July  6 

.99 

1.10 

.29 

.48 

3.41 

2.29 

Aug.  19 

1.71 

1.84 

.45 

.57 

3.80 

3.23 

July  13 

1.96 

2.24 

.67 

.91 

2.93 

2.46 
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Table  60. — Comparison  of  atmospheric  water-vapor  determinations  by  the  spectroscope  and  by 

surface  humidities — Continued. 

THIRD  SELECTION,  CONSTANT  VAPOR  BY  SPECTROSCOPY,  1911. 


Q= water  by  spectroscope, 

c„=surfacc  vapor  pressure, 

Q=Kew-  Values  of  K, 

when— 

when— 

when— 

Date. 

m=3.0. 

m=1.2. 

m=3.0. 

m=1.2. 

m=3.0. 

m=1.2. 

cm . 

cm. 

cm. 

cm. 

Sept.  7 

0.27 

0.24 

0.49 

0. 74 

0.55 

0.  33 

July  5 

.31 

.34 

.62 

.59 

.50 

.58 

Oct.  10 

.25 

.28 

(See  above.) 

1.79 

.78 

Sept. 10 

.46 

.50 

.41 

.50 

1.12 

1.  00 

Oct.  25 

.53 

.60 

.52 

.60 

1.02 

1.00 

Sept.  9 

.64 

.67 

.37 

.65 

1.73 

1.03 

1 

.69 

.70 

.30 

.45 

2. 30 

1.56 

Aug  29 

.80 

.81 

(See  above.) 

2.58 

1.40 

Sept. 14 

.82 

.81 

(See  above.) 

1.32 

1.29 

Aug.  21 

1.13 

1.10 

.18 

.37 

6.28 

2.97 

20 

1.36 

1.43 

.115 

.30 

11.8 

4.79 

FOURTH  SELECTION 

GROUP  AUGUST  11  TO  23,  1911. 

Aug.  11 

0.31 

0.36 

1 

(See  above.) 

0.82 

0.63 

12 

.20 

.29 

0.24 

0.53 

.83 

.55 

13 

.39 

.44 

(See  above.) 

.91 

.88 

14 

.42 

.56 

.44 

.63 

.96 

.89 

15 

.39 

.42 

.22 

.33 

1.77 

1.27 

16 

.51 

.67 

.24 

.40 

2. 13 

1.67 

17 

.75 

.83 

.29 

.38 

2.59 

2.18 

18 

1. 

1.57 

.34 

.50 

3. 14 

19 

1.71 

1.84 

(See  above.) 

3.80 

3.23 

20 

1.36 

1.43 

(See  above.) 

11.8 

4.79 

21 

1. 13 

1.10 

(See  above.) 

6.28 

2. 97 

22 

.90 

.97 

.21 

.57 

4.29 

1.70 

23 

.73 

.62 

.11 

.40 

6.64 

1.55 

FIFTH  SELECTION,  GROUP  SEPTEMBER  7  TO  18,  1911. 

Sept.  7 

0.27 

0.24 

1 

(See  above.) 

0.55 

0.33 

8 

.12 

.21 

0.29 

0.42 

.41 

.50 

9 

.64 

.67 

(See  above.) 

1.73 

1.03 

10 

.46 

.50 

(See  above.) 

1.12 

1.00 

11 

1.41 

1.56 

.39 

.54 

3.62 

2.89 

12 

1.34 

1.58 

.52 

.56 

2.58 

2.82 

13 

1.10 

1.27 

.61 

.65 

1.80 

1.95 

14 

.81 

.81 

(See  above.) 

1.32 

1.29 

15 

.53 

.69 

.59 

.76 

.90 

.91 

16 

.28 

.35 

.22 

.43 

1.27 

.81 

17 

.51 

.44 

.26 

.49 

1.96 

.90 

18 

.35 

.50 

.32 

.50 

1.09 

1.00 
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The  following  are  the  means  from  the  various  sets: 


Early  morn¬ 
ing,  Kw. 

Late  morn¬ 
ing,  K„. 

First  set . 

1.94 

1.  55 

Second  set . 

1.  79 

1. 36 

Third  set . 

2.  82 

1.  52 

Fourth  set . 

3.  57 

1.  96 

Fifth  set . 

1.  53 

1. 29 

All  1910 . 

1.  94 

1.  55 

All  1911 . 

2.  29 

1.  54 

All . 

2. 12 

1.  54 

Omitting  the  two  abnormally  large  values  of  Kw,  10.4  and  11.8,  the  mean 
early  morning  value  is  Kw=1.8.  However,  means  from  figures  having  such  a 
wide  range,  0.33  to  11.8,  have  very  little  significance  and  are  of  very  little  service 
for  the  determination  of  water  vapor  for  any  single  day.  It  is  perhaps  interesting 
to  note  that  this  last  mean  value,  Kw=1.8,  lies  just  between  the  values  of  Hann  and 
Humphreys,  1.9  and  1.7. 

The  best  determinations  of  aqueous  vapor  by  the  spectroscope  are  probably 
those  made  nearer  noon  (smaller  air-masses)  since  they  fall  on  the  more  accurately 
calibrated  part  of  the  curve  connecting  the  transmissibility  with  the  corresponding 
amount  of  water  vapor.  On  the  other  hand,  the  best  determinations  of  K,  which 
involves  ew,  the  surface  humidity,  are  those  of  the  early  morning  (large  air-masses), 
since  the  humidity  at  the  earth’s  surface  increases  very  rapidly  toward  noon. 
This  increase  is  not  nearly  so  marked  away  from  the  surface,  although  often  indi¬ 
cated  to  some  extent  in  the  spectroscopic  determinations  as  shown  in  some  of  the 
plots  of  figure  27.  This  greater  increase  in  humidity  at  the  surface  over  that  in 
the  free  air  is  shown  in  the  smaller  values  of  Kw  for  the  nearer-noon  determinations. 

From  a  consideration  of  the  wide  range  of  the  values  of  Kw,  0.33  to  11.8,  and 
the  fact  that  some  times  the  spectroscope  shows  a  great  amount  of  moisture  in 
the  free  air  when  the  surface  humidity  is  very  small,  as  for  instance  on  August  20, 
1911,  it  seems  as  if  no  other  conclusion  could  be  drawn  than  that  any  formula  for 
determining  the  amount  of  atmospheric  water  vapor  from  observed  surface  humid¬ 
ities  is  absolutely  unsafe,  at  least  at  Mount  Wilson.  Indeed,  it  seems  as  if  one  ought 
to  expect  nothing  else;  for  in  the  higher  air  the  moisture  in  clear  weather  must 
be  more  or  less  conditioned  by  the  quarter  whence  the  wind  comes,  whereas  near 
the  surface  the  ground  conditions  and  the  surface  convection  currents  will  affect  it. 

A  word  or  two  as  to  the  situation  of  Mount  Wilson  may  be  pertinent.  The 
mountain  rises  fairly  steeply  from  a  more  or  less  sandy  plain  near  sea  level  at  the 
south  to  an  altitude  of  about  a  mile  (1.7  kilometers) ;  its  surface  is  rocky,  generally 
dry,  with  some  few  pines,  stunted  live  oaks,  and  low-lying  shrubs.  To  the  north 
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and  east  rise  somewhat  higher,  more  or  less  bare,  rocky  mountains,  yet  farther 
north  and  east  are  extended  desert  regions  ;  to  the  southeast  and  southwest  are  low 
hills,  then  the  Pacific  Ocean  some  50  miles  away.  During  the  months  of  these 
observations,  there  is  very  little  rain,  in  some  years  none.  During  the  night  or 
the  early  morning  a  fog  generally  comes  in  over  the  valley  to  the  south,  at  times  high 
enough  to  cover  the  mountain.  The  pleasant-weather  wind,  when  there  is  any, 
since  calm  conditions  are  very  common,  is  generally  westerly  in  the  early  morning. 
A  southerly,  more  or  less  vapor-laden,  breeze  is  apt  to  set  in  toward  10  o’clock, 
to  which  is  probably  due  the  sudden  increase  then  of  the  humidity  near  the  sur¬ 
face  and  to  some  extent  above. 

SUMMARY. 

The  quantity  of  precipitable  water  existing  in  the  form  of  vapor  between  the 
top  of  Mount  Wilson  and  the  outer  limits  of  our  atmosphere  during  fair  weather 
from  June  to  November,  1910  and  1911,  has  been  determined  by  the  spectro- 
bolometric  method  described  in  detail  in  the  Astrophysical  Journal  35,  page  149, 
1912. 

The  average  quantity  present  was  0.69  cm.  and  the  range  from  0.2  cm.  to  about 
2.8  cm.  of  precipitable  water.  The  difference  in  monthly  means  would  be  small  but 
for  a  few  exceptionally  moist  days  in  August;  almost  the  dryest  day,  indeed,  for 
1910  was  August  13  (0.17  cm.)  and  the  dryest  for  1911,  September  12  (0.12  cm.). 

A  gradual  but  generally  slow  increase  in  atmospheric  water  vapor  often  takes 
place  during  the  observations,  which  extend  from  about  7  a.  m.  to  10  a.  m.  This 
averages  0.12  cm.  For  about  40  per  cent  of  the  days  this  increase  is  less  than 
0.1  cm. 

These  spectrobolometric  results  were  then  used  in  a  study  of  the  formula  of 
Hann  which,  with  a  coefficient  determined  from  balloon  and  kite  observations, 
has  been  in  use  for  connecting  surface  humidities  with  the  quantity  of  aqueous 
vapor  in  the  atmosphere.  This  coefficient  was  redetermined  by  means  of  the  data 
above  discussed.  The  general  mean  for  the  coefficients  (1.8)  agrees  closely  with 
that  derived  by  Hann  (1.9)  or  from  Humphrey’s  data  (1.7).  The  range  of 
values  is,  however,  so  great  (from  0.33  to  11.80)  that  we  must  regard  the  formula, 
though  applicable  for  mean  conditions,  as  of  no  value  for  individual  days. 


THE  SUN’S  ENERGY-SPECTRUM  AND  TEMPERATURE. 

By  C.  G.  ABBOT. 

[Reprinted  from  Astrophysical  Journal,  V<31.  XXXIV,  p.  197, 1911.] 

Spectrobolometric  determinations  of  the  solar  constant  of  radiation  are  attended 
by  a  number  of  by-products,  among  them  the  distribution  of  energy  in  the  sun’s 
spectrum  at  the  earth’s  surface,  and  also  outside  the  atmosphere.  In  the  earlier 
solar-constant  observations  of  the  Smithsonian  Astrophysical  Observatory,  the 
form  of  the  energy  curve  outside  the  atmosphere  was  investigated  rather  frequently, 
involving  independent  determinations  of  the  transmission  of  the  apparatus.  But  it 
soon  proved  that  the  value  of  the  solar  constant  was  only  very  slightly  affected  by 
wide  changes  in  the  supposed  form  of  the  extra-atmospheric  energy  curve,1  and  we 
have  generally  assumed  the  form  as  known,  and  determined  the  transmission  of  the 
optical  system  therefrom.  However,  in  each  year  of  observation  several  complete 
determinations  have  been  made,  and  the  conditions  of  observation  have  varied  so 
much  that  it  seems  hardly  possible  that  the  mean  value  to  be  given  below  can  be 
very  far  astray,  notwithstanding  the  great  difficulty  of  the  measurements,  and  the 
considerable  divergence  of  the  several  determinations. 

In  short,  the  determinations  have  been  made  as  shown  in  Table  61. 

Table  61. — Conditions  of  the  determinations. 


Alti¬ 

tude. 

All  mirrors. 

Colli- 

mation. 

Observers. 

Date. 

Station. 

Heliostat. 

Prism. 

Num¬ 

ber. 

Kind. 

Meters. 

C.G.A... 

J 1903 ,  Feb.-Apr . . 
j  1905,  June-Oct .. 

Washington . 

10 

One  mirror,  siderostat. . 

Two  mirrors  ,coelostat. . 

Flint  glass . 

4 

Silvered  glass . 

Used. 

F.E.F. .. 

C.G.A... 

Mount  Wilson... 

1,780 

Flint  glass . 

5 

Silvered  glass . 

Used. 

L.R.I... 

C.G.A... 

j  1906, Aug . 

Mount  Wilson... 

1,780 

Two  mirrors  ,coelostat. . 

Flint,  glass . 

5 

Silvered  glass . 

Used. 

L.R.I... 

C.G.A... 

| 

L.B.  A... 

W.S.  A  .. 

rl908,  Sept.-Oct . . 

Mount  Wilson... 

1,780 

Two  mirrors, coelostat.. 

Flint  glass . 

5 

Silvered  glass . 

Used. 

Two  mirrors , coelostat. . 

Flint  glass . 

5 

Silvered  glass . 

C.G.A... 

Jl909,June-July.. 

Mount  Wilson... 

1,730 

Used. 

L.R.I... 

C.G.A... 

J 1909, Aug . 

MountWilson... 

1,730 

Two  mirrors, coelostat. . 

U.  V.  crown  glass. . . 

4 

Silvered  glass . 

None. 

L.R.I... 

C.G.A... 

Jl909,July-Aug... 

Mount  Wilson... 

1,730 

Two  mirrors, coelostat. . 

Quartz..... . 

4 

2  silvered  glass,  2 
magnalium. 

None. 

L.R.I... 

C.G.A... 

Mount  Whitney. 

MountWilson... 

4,420 

1,730 

None . . . . . . 

Quartz............. 

2 

Magnalium _ ..... 

None. 

C.G.A... 

Jl910,  July . 

Two  mirrors ,  coelostat. . 

Quartz . 

4 

2  silvered  glass,  2 
magnalium. 

None. 

F.E.F... 

C.G.A... 

1910,  Aug . 

Mount  Whitney. 

4, 420 

None . 

Quartz . . . 

2 

Magnalium . 

None. 

1  See  Abbot  and  Fowle,  Astrophysical  Journal,  Vol.  XXIX,  p.  280,  1909. 
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The  initials  of  observers  refer  to  C.  G.  Abbot,  F.  E.  Fowle,  L.  R.  Ingersoll, 
L.  B.  Aldrich,  and  W.  S.  Adams.  I  take  this  opportunity  to  express  my  obligation 
to  the  four  last-named  gentlemen  and  to  Miss  Graves  for  their  aid  in  the  work.  A 
statement  of  the  method  usually  adopted  for  the  observation  may  be  found  in 
Volume  II  of  the  Annals  of  the  Astrophysical  Observatory  (see  pp.  24  and  50-57). 
At  each  of  a  large  number  of  wave  lengths  in  the  solar  spectrum  it  is  required  to 
determine  (1)  the  intensity  at  the  bolometer,  (2)  the  selective  transmission  of 
the  spectroscope,  (3)  the  selective  reflection  of  the  heliostat,  (4)  the  transmission 
of  the  atmosphere.  A  bolograph  indicates  the  first,  and  measurements  on  a  series 
of  holographs,  taken  at  different  zenith  distances  of  the  sun,  furnish  the  means  of 
computing  the  last.  The  reflection  of  the  heliostat  is  determined  by  taking  holo¬ 
graphs  (a)  with  the  ordinary  mirror  or  pair  of  mirrors,  (5)  with  a  substitute 
mirror  or  pair  of  mirrors,  (c)  with  the  combination  of  both  regular  and  substitute 
mirrors.  The  relative  transmission  of  the  spectroscope  is  determined  by  first  passing 
the  rays  through  an  auxiliary  spectroscope,  selecting  certain  wave  lengths  and 
observing  their  intensity,  (d)  as  transmitted  by  the  auxiliary  spectroscope,  (e)  as 
transmitted  by  both  spectroscopes. 

The  observation  ( d )  is  made  by  removing  the  bolometer  to  occupy  the  position 
usually  occupied  by  the  slit  of  the  usual  spectroscope.  When  transmitted  by  both 
spectroscopes  the  beam  becomes  nearly  monochromatic,  but  its  intensity  should 
be  observed  by  measuring  the  area  included  in  a  bolograph  taken  by  moving  this 
monochromatic  image  over  the  bolometer,  not  (as  stated  at  p.  51  of  the  Annals) 
by  observing  the  maximum  deflection  produced  by  the  monochromatic  image. 
Under  certain  circumstances,  however,  the  areas  and  the  maximum  deflections  are 
nearly  proportional.  In  all  the  earliest  observations  at  Washington  this  seemed 
to  be  the  case,  and  also  at  Mount  Wilson  in  1905-6.  Though  we  registered  the 
type  ( e )  holographs  in  1905-6  at  Mount  Wilson,  we  generally  measured  merely  the 
maximum  ordinates  in  the  reductions  as  published  at  pages  51  and  105  of  Annals, 
Volume  II.  In  order  to  see  what  errors  may  have  resulted,  the  areas  have  lately 
been  measured  for  all  the  determinations  given  in  the  Annals.  They  prove  to  be 
so  nearly  proportional  to  the  maximum  deflections  that  no  error  as  great  as  the 
uncertainty  of  measurement  is  found  to  be  indicated.  In  the  year  1908  several 
determinations  were  made  with  another  prism  of  different  dispersion  in  use  in  the 
auxiliary  spectroscope,  and,  unfortunately,  the  areas  were  not  even  observed.  As 
some  determinations  made  with  still  another  prism,  in  1909,  which  were  reduced 
by  both  methods,  indicate  large  errors  in  the  deflection  method,  it  is  thought  best 
to  reject  entirely  all  the  determinations  (those  of  1908)  in  which  the  areas  are  not 
available. 

In  order  to  make  the  several  determinations  comparable,  they  are  first  reduced 
from  the  prismatic  to  the  normal,  or  wave-length  scale.  In  order  to  do  this  the 
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deviation  of  the  prism  is  platted  against  the  corresponding  wave  length,  and  the 
tangents  to  the  resulting  curve  are  determined  at  the  various  prismatic  deviations. 
In  order  to  reduce  the  several  determinations  to  comparable  intensity  scales,  a 
multiplying  factor  for  correcting  each  curve  has  been  determined,  in  such  a  manner 
as  to  make  all  the  curves  agree  as  well  as  possible  between  wave  lengths  0.5  fz  and 
1.2  (i .  For  the  sake  of  brevity  not  all  the  determinations  are  here  given  separately, 
but  all  determinations  made  with  the  same  arrangement  of  apparatus,  and  on  the 
same  approximate  date,  are  combined,  and  the  mean  of  several  such  determinations 
is  here  used.  It  should  be  remarked  that  the  Mount  Whitney  determinations  of 
1909  depend  on  spectroscopic  transmission  factors  determined  at  Mount  Wilson  in 
1909,  and  the  Mount  Whitney  determinations  of  1910  similarly  depend  on  Mount 
Wilson  spectroscopic  factors  of  1910.  Apart  from  this  dependency,  all  determina¬ 
tions  here  given  are  wholly  independent. 

The  accuracy  of  the  determinations  at  Mount  Wilson  in  1905  and  1906  is  pre¬ 
judiced  by  the  fact  that  the  scale  of  the  galvanometer  had  not  at  that  time  been 
investigated.  But  in  the  mean  of  so  many  determinations  as  are  included  in  the 
1905-6  group,  a  great  many  different  parts  of  the  galvanometer  scale  were  used,  and 
it  is  probable  that  the  scale  error  is  principally  eliminated  except  in  the  ultra-violet, 
where  the  deflections  were  all  near  zero  of  the  scale  and  disproportionately  large. 
This  part  of  those  curves  is  rejected  in  deriving  the  mean  values  in  the  following 
discussion.  The  galvanometer  scale  was  strictly  uniform  in  all  the  subsequent 
measurements,  excepting  those  on  Mount  Whitney  in  1910.  The  deviation  from 
uniformity  for  the  1910  Mount  Whitney  measurements  was  investigated  and  found 
negligible  in  comparison  with  other  sources  of  error. 

In  all  the  determinations  the  accuracy  falls  off  rapidly  in  the  ultra-violet 
spectrum.  With  the  flint-glass  prism  the  dispersion  is  so  great,  and  the  deflections 
and  areas  recorded  in  determining  spectroscopic  transmission  consequently  so  small, 
that  such  values  have  not  been  used  in  fixing  the  mean  value  to  be  given  for  wave 
lengths  less  than  0.42  fz.  Only  one  complete  determination  has  been  made  thus  far 
with  the  ultra-violet  prism.  Although  it  is  somewhat  abnormal,  it  is  not  rejected. 
Determinations  made  with  the  quartz  prism  have  fair  weight  to  about  wave  length 
0.37  fz.  Beyond  this  they  depend  upon  more  and  more  doubtful  data  for  the  trans¬ 
mission  of  the  spectroscope;  and  beyond  wave  length  0.35  [z  they  depend  wholly  on 
extrapolation  for  this  quantity. 
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Table  62. — Solar  energy-spectrum  determinations.1 


Wave  length. 

Mean 

intensity. 

Individual  groups  of  determination — Percentage  deviations  from  mean.1 2 

Per¬ 

centage 

probable 

error. 

1  2  3 

4 

5  6  7  8 

9 

10 

Average. 

0.30 . 

(539) 

_ 

_ 

0.325 . 

1271 

-31. 

+67. 

+  0.0 

49. 

25. 

0.35 . 

2684 

+51. 

-30.  -17.  -22.  -12. 

+  16. 

+43.5 

28. 

8.5 

0.375. . 

3459 

+29. 

-11.  -  4.4  -  9.4  -  4.6 

+  3.0 

-  3.3 

9.0 

2.7 

0.39 . 

3614 

-  0.6 

+  15. 

-12.  -  2.2  -  6.1  -  0.6 

+  10. 

-3.4 

6.0 

1.7 

0.42 . 

5251 

+  0.0  +6.9  -17. 

-  4.7 

-  3.5  +  4.4  +  2.2  +  3.4 

+  7.5 

-  1.5 

5.0 

1.3 

0.43 . 

5321 

+  2.4  +6.4  -18. 

-10. 

-  4.5  +  3.4  +  1.2  +  5.1 

+11. 

-  0.2 

6.5 

1.7 

0.45 . 

6027 

-  2.7  +1.1  -15. 

-  8.7 

+  0.0  +  8.4  +  5.4  +  5.3 

+  7.6 

-  4.3 

5.5 

1.4 

0.47 . 

6240 

-  4.7  -2.2  -16. 

-12. 

+  4.9  +  7.8  +  5.8  +  1.9 

+  12. 

+  0.4 

7.0 

1.8 

0.50 . 

6062 

+  0.3  -7.6  -17. 

-13. 

+  3.5  +  9. 9  +  7.1  +  5.2 

+  12. 

-  0.2 

7.6 

1.9 

0.55 . 

5623 

-  7.2  -7.8  -15. 

-12. 

+  5.0  +  8.5  +  7.2  +  9.4 

+11. 

+  0.2 

8.4 

2.1 

0.60 . 

5042 

-11.  -5.3  -14. 

-10. 

+  7.4  +  7.9  +  7.3  +  8.0 

+  9.4  +  0.2 

8.1 

2.1 

0.70 . 

3644 

-  4.  4  -0. 1  -  2. 1 

0 

+  1.2  +  1.0  -  1.6  +  1.9 

+  4.4 

-  19. 

1.7 

0.4 

0.80 . 

2665 

+  4.2  +4.8  +  6.7 

+  5.4 

-  4.3  -  4.2  -  5.9 

-  4.1 

-  4.5 

4.6 

1.2 

1.00 . 

1657 

+  4.4  +1.6  +  6.4 

-  1.0 

-  1.3  -  4.6  -  1.1 

-  3.7 

-  4.3 

2.7 

0.7 

1.30 . 

898 

-  7.9  +1.7  +  7.0 

+  2.8 

-  2.5  -  0.1  +  1.2  -  3.2 

+  1.1  +  2.3 

2.9 

0.7 

1.60 . 

532 

+  0.8  +7.6  +  9.9 

+  6.5 

-  2.1  +  0.4  -  2.1 

+  2.1 

-  4.3 

5.2 

1.4 

2.00 . 

247 

+  9.4  +0.4  +  2.9 

0 

+  3.3  +10.  +13. 

-11. 

-30.0 

8.8 

2.4 

2.50 . 

43 

+  4.7  +  9.3  -  7.0  (-65.) 

+70. 

-13.1 

14. 

4.8 

3.00 . 

(14) 

(+50.)  (+18.) 

34. 

20. 

1  The  numbers  in  this  table  and  Table  G3  are  here  corrected  to  correspond  with  re-reduction  of  the  Mount  Whitney  observations  of  1910. 

2 1,  2,  3:  Flint  glass  prism:  Washington,  1903:  Mount  Wilson,  1905-1906;  Mount  Wilson,  1909,  June  29,  July  7. 

4:  U.  V.  glass  prism:  Mount  Wilson,  1909,  Aug.  11, 13. 

5,  6,  7,  8:  Quartz  prism:  Mount  Wilson,  1909,  July  8,  9;  July  22,  26,  27;  Aug.  9,  10;  1910,  July  31. 

9, 10:  Quartz  prism:  Mount  Whitney,  1909,  Sept.  3;  1910;  Aug.  12, 13,  14. 

Table  62  is  a  summary  of  the  results.  It  should  be  considered  in  connection 
with  the  table  given  above.  In  the  first  column  are  wave  lengths,  next  mean  in¬ 
tensities  in  the  solar  spectrum  outside  the  atmosphere  (in  arbitrary  units),  and  in 
the  remaining  columns  the  departures  from  the  mean  intensity  in  percentages  for 
the  average  curves  determined  on  the  dates  given  at  the  bottom  of  the  table. 

I  do  not  venture  to  decide  whether  the  departures  from  the  mean  may  be 
attributed  in  part  to  real  changes  in  the  distribution  of  energy  in  the  solar  spec¬ 
trum,  or  are  altogether  the  results  of  error  in  the  difficult  determination  of  spectro¬ 
scopic  transmission.  The  argument  on  that  subject  remains  as  yet  where  it  was 
left  by  Abbot  and  Fowled  It  is  very  pleasing  to  note  that  the  mean  Washington, 
Mount  Wilson,  and  Mount  Whitney  determinations  agree  with  one  another  as  well 
as  the  separate  determinations  at  the  three  places  agree  each  with  each. 

For  the  sake  of  those  who  may  desire  to  compute  the  distribution  of  energy 
in  the  solar  spectrum  at  the  earth’s  surface,  I  give  also  the  transmission  of  the 
atmosphere  at  various  wave  lengths.  The  values  represent  the  fraction  of  the 
intensity  of  the  solar  beam  outside  the  atmosphere  which  would  remain  in  a  direct 
beam  transmitted  vertically  to  the  earth’s  surface.  Average  values  for  cloudless 
(but  not  necessarily  hazeless)  days  are  given,  as  they  have  been  found  at  Wash¬ 
ington,  Mount  Wilson,2  and  Mount  Whitney,  for  the  various  wave  lengths.  To 


1  Astrophysical  Journal,  29,  287,  1909.  See,  however,  new  results  in  this  Vol.  Ill,  Chap.  V. 

2  For  the  reason  stated  in  this  Journal,  33,  193,  1911,  the  Mount  Wilson  transmission  coefficients  published  in  Vol. 
II  of  the  Annals  of  the  Astrophysical  Observatory  are  about  1.4  per  cent  too  low. 

86053°— 13 - 14 
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compute  the  transmission  for  other  than  zero  zenith  distances,  the  coefficients 
here  given  must  be  raised  to  a  power  equal  to  the  secant  of  the  zenith  distance. 
This  does  not  hold  closely  for  zenith  distances  above  75°. 

Table  63. —  Mean  coefficients  of  atmospheric  transmission. 


Wavelength. 

Washington,  1902- 
1907. 

Mount  Wilson 
1909-10. 

Mount  Whitney, 
1909-10. 

0.  30 . 

0.  70? 

0.325 . 

0.  (550) 

0.  635 

0.35 . . 

0.  612 

0.  715 

0.  375 . 

0.  662 

0  776 

0.  39 . 

0.  445 

0.694 

0.  800 

0.  42 . 

0.  586 

0.  764 

0.  831 

0.  43 . 

0.  600 

0.778 

0.  844 

0.  45 . 

0.  640 

0.  800 

0.  875 

0.  47 . 

0.  671 

0.  827 

0.  902 

0.  50 . 

0.  705 

0.858 

0.  919 

0.55 . 

0.  739 

0.  876 

0.  930 

0.  60 . 

0.  760 

0.  890 

0.  940 

0.  70 . 

0.839 

0.  942 

0.  964 

0.  80 . 

0.  865 

0.  964 

0.  976 

1.  00. .  .  . 

0.  901 

0.  973 

0.  975 

1.  30 . 

0.  916 

0.  972 

0.  967 

1.  60 . 

0.  930 

0.  975 

0.  963 

2.  00 . 

0.  909 

0.  957 

0.  932 

2.  50 . 

0.  870 

(0.  900) 

0.  945 

3.  00 . 

0.  916 

THE  EFFECTIVE  TEMPERATURE  OF  THE  SUN’S  RADIATING  LAYER. 

It  has  been  stated  very  pertinently1  that  we  can  not  express  solar  temperatures 
either  on  the  thermodynamic  scale  or  on  that  of  the  gas  thermometer,  because  no 
experiments  have  been  made  to  fix  these  scales  in  the  range  of  temperatures  pre¬ 
vailing  on  the  sun.  All  that  we  know,  which  is  available,  is  that  certain  radiation 
formulae,  in  which  the  temperature  enters,  agree  very  well  with  observations  on 
the  radiation  of  the  perfect  radiator,  or  so-called  “black  body,”  when  the  gas- 
thermometer  temperatures  are  introduced.  But  this  verification  of  these  formulae 
extends  only  to  about  1,800°  of  the  absolute  Centigrade  scale,  whereas  the  solar 
temperatures  seem  to  be  of  the  order  of  6,000°  or  more.  We  can  only  compare  the 
solar  radiation  with  that  of  the  perfect  radiator,  as  computed  by  these  formulae, 
and  thus  determine  the  temperature  which  a  “black  body”  would  be  assumed  to 
have  when  its  radiation  would  approximate  to  that  of  the  sun. 

There  is  another  kind  of  uncertainty  in  the  discussion  of  the  solar  temperature. 
We  are  not  sure  that  the  source  of  radiation  is  at  the  same  temperature  at  the  center 
of  the  sun’s  visible  disk  that  it  is  at  the  limb,  nor  that  it  is  the  same  at  a  given  place 


1  Astrophysical  Journal,  19,  35,  1904. 
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on  the  disk  for  rays  of  different  wave  lengths.  I  am  of  the  opinion  that  the  scat¬ 
tering  of  rays  by  the  molecules  of  gas  in  the  outer  parts  of  the  sun  is  what  limits 
our  depth  of  view,  and  that  there  is  no  cloudy  photosphere.  If  this  is  so,  we  look 
deeper,  and  hence  to  hotter  layers,  when  we  view  the  center  of  the  sun’s  disk  at 
right  angles,  than  we  do  when  we  view  the  limb;  and  as  molecular  scattering  is  far 
greater  for  violet  than  for  red  rays,  the  violet  rays  which  we  receive  must  come 
from  more  superficial,  and  hence  cooler,  layers,  on  the  whole,  than  the  red  ones.1 

The  effect  of  these  two  influences  on  the  form  of  the  sun’s  energy  spectrum 
curve  may  be  considerable,  and  may  tend  to  mislead  us  greatly  as  to  the  probable 
solar  temperature.  The  first  of  the  two  influences  considered  is  the  less  important, 
for  it  leads  to  no  great  distortion  of  the  energy  curve,  but  merely  to  altering  it  to 
correspond  approximately  to  a  lower  temperature  than  that  which  prevails  at 
the  deepest  layers  seen  at  the  center  of  the  visible  disk.  Much  more  misleading 
is  the  second  influence  suggested,  for  it  tends  to  distort  the  curve  so  as  not  to  corre¬ 
spond  to  any  “  black-body  ”  temperature  at  all.  Considering  merely  the  radiation 
from  the  center  of  the  sun’s  disk,  rays  of  successive  wave  lengths  (passing  from 
the  infra-red  toward  the  ultra-violet)  are  propagated  to  us  from  layers  of  lower 
and  lower  average  temperature.  Whereas  the  total  radiation  of  a  “black  body” 
varies  as  the  fourth  power  of  its  temperature,  the  radiation  of  the  shorter  wave¬ 
lengths  varies  as  higher  powers  of  the  temperature  than  the  fourth,  even  to  the 
tenth,  and  still  higher  powers,  as  the  wave-length  decreases  beyond  that  of  maxi¬ 
mum  radiation.  Hence,  it  will  be  expected:  (1)  that  the  solar  energy  curve  will 
rise  less  rapidly  from  the  infra-red  side  toward  the  maximum  than  would  the  energy 
spectrum  curve  of  a  “black  body”  of  the  temperature  at  which  the  infra-red  rays 
are  prevailingly  emitted;  (2)  that  the  maximum  of  solar  energy  will  be  shifted 
toward  longer  wave-lengths  than  it  would  occupy  if  the  distortion  did  not  exist; 
(3)  that  in  the  ultra-violet  the  solar  energy  spectrum  will  fall  off  far  more  rapidly 
than  that  of  a  “black  body”  generally  corresponding  in  spectral  distribution  to 
the  solar  curve  for  greater  wave-lengths;  and  (4)  that  any  estimate  we  may  make 
as  to  the  effective  radiating  temperature  of  the  sun,  based  on  a  simple  consideration 
of  the  form  of  its  spectral  energy  curve,  will  be  too  low. 

There  is  another  influence  tending  powerfully  to  alter  the  form  of  the  sun’s 
energy  spectrum  curve,  namely  the  selective  absorption  in  the  Fraunhofer  lines, 
by  virtue  of  which  the  rays  which  are  emitted  from  that  average  depth  below  the 
solar  surface  at  which  the  continuous  spectrum  originates,  are  cut  off  by  absorption 
in  these  wave  lengths,  and  in  their  places  we  see  only  the  rays  emitted  from  rela¬ 
tively  superficial,  and  therefore  cooler  layers.  The  Fraunhofer  lines  become  so 
excessively  numerous  in  the  violet  and  ultra-violet  solar  spectrum  that  their  presence 
profoundly  diminishes  the  intensity  of  the  sun’s  energy  spectrum  curve  in  that 


‘This  idea  I  have  elaborated  in  a  book  entitled  “The  Sun.”  (D.  Appleton  &  Co.,  New  York,  1911.) 
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spectral  region,  and  thus  conspires  to  magnify  the  spectral  distortion  and  the 
underestimation  of  solar  temperatures  we  have  already  discussed. 

It  seems  to  me,  in  consideration  of  these  tendencies,  that  the  process  to  which 
Goldhammer  has  given  preference,1  and  which  is  akin  essentially  to  that  of  Wilsing 
and  Scheiner,2  is  ill-adapted  to  give  a  trustworthy  estimate  of  solar  temperatures. 
It  gives  3  for  the  sun  temperatures  of  the  order  of  only  4,000°,  when  applied  in  the 
infra-red  spectral  region,  where,  as  I  believe,  the  temperature  is  really  the  highest 
of  all.  The  diagram,  Fig.  29,  shows  a  comparison  between  the  form  of  the  solar 


energy  spectrum  curve  and  those  of  “  black-body  ”  curves  at  6,200°  and  7,000° 
absolute  Centigrade,  respectively.  The  solar  curve  is  repeated  to  match  each 
curve  as  well  as  possible  in  the  region  X=0.5  [i  to  X=1.2  fi .  The  longer  wave¬ 
lengths  are  repeated  on  an  enlarged  scale. 

If  we  take  the  Wien  displacement  formula,  /lmax77=2930,  and  the  wave¬ 
length  of  maximum  energy  as  0.470  [i,  the  effective  solar  temperature  comes  out 
6,230°  absolute  Centigrade. 


1  Annalen  der  Physik  (4),  25,  905-920,  1908. 

2  Publicationen  des  Astrophysikalischen  Observatoriums  zu  Potsdam,  Bd.  XIX,  No.  56,  1909. 

3  Astrophysical  Journal,  29,  282,  1909.  See  also  my  book  The  Sun  above  mentioned. 
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If  we  take  the  Stefan  formula  for  total  radiation:  _E=76.8X  10“12  T74;  the 
solar  radius  as  696,000  km;  the  mean  radius  of  the  earth’s  orbit  as  149,560,000 
km;  and  the  solar  constant  as  1.922  calories  per  square  centimeter  per  minute; 
the  effective  solar  temperature  comes  out  5,830°  absolute  Centigrade.  This  last 
method  of  computing  the  solar  temperature  would  perhaps  be  the  best  if  we  could 
only  form  some  independent  estimate  of  the  emissive  power  of  the  sun’s  effective 
radiating  layers.  As  we  are  inclined  to  think  that  the  methods  based  on  the  form 
of  the  sun’s  spectrum  energy  curve  must  necessarily  give  too  low  temperature 
values,  and  as  we  find  that  the  method  based  on  total  radiation  gives  still  lower 
ones,  it  appears  that  the  emissive  power  of  the  sun  must  fall  decidedly  below  that 
of  the  perfect  radiator. 

In  view  of  all  this  we  can  only  conclude  that  the  sun’s  effective  radiating  layer 
is  roughly  comparable  with  a  “ black  body”  at  6,000°  absolute  Centigrade,  but 
that  the  prevailing  solar  radiating  temperatures  greatly  exceed  6,000°,  and  may 
even  exceed  7,000°  absolute  Centigrade. 

SUMMARY. 

Spectrobolometric  observations  extending  from  the  year  1903  to  1910  at 
Washington,  Mount  Wilson,  and  Mount  Whitney  (altitudes  10,  1,750,  and  4,420 
meters,  respectively)  made  with  various  optical  systems,  including  flint  glass, 
ultra-violet  crown  glass,  and  quartz  prisms,  with  mirrors  sometimes  of  silvered 
glass,  sometimes  of  magnalium,  have  been  used  to  determine  the  distribution  of 
energy  in  the  solar  spectrum  outside  the  atmosphere.  The  results  do  not  seem  to 
depend  on  the  altitude  of  the  observing  station,  but,  especially  in  the  ultra-violet, 
seem  to  depend  somewhat  on  the  character  of  the  spectroscope  employed.  It  is 
thought  that  in  the  ultra-violet  spectrum  beyond  wave  length  0.40  (i  little  weight 
should  be  given  to  the  results  obtained  thus  far  with  glass  prism  spectroscopes.1 

In  the  ultra-violet  region  the  results  here  given  are  obtained  with  a  quartz- 
magnalium  spectroscope. 

For  the  adopted  mean  normal  spectrum  energy  curve  the  maximum  of  energy 
falls  at  wave  length  0.470  [i . 

The  intensities  at  various  wave  lengths  are  as  follows : 


n 

n 

A < 

n 

fi 

fl 

V- 

Wave  length. 

0.30 

0.35 

0.40 

0.45 

0.47 

0.50 

0.60 

0.80 

1.0 

1.3 

1.6 

2-0 

2.5 

3.0 

Intensity . 

539 

2,  684 

1,338 

6, 027 

6,  240 

6,062 

5, 042 

2,  665 

1,657 

898 

532 

247 

43 

14 

For  additional  wave  lengths,  see  the  preceding  table. 

1  Better  results  are  expected  this  summer. 


202 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY. 


The  mean  coefficients  of  atmospheric  transmission  for  vertical  rays  are  given 
as  determined  at  Washington,  Mount  Wilson,  and  Mount  Whitney.  Coefficients 
for  various  wave  lengths  are  as  follows: 


Wave  length. 

ft 

0.35 

ft 

0.40 

ft 

0.45 

ft 

0.50 

ft 

0.60 

ft 

0.70 

/ i 

0. 80 

ft 

0.90 

ft 

1.00 

ft 

1.50 

ft 

2.00 

Transmission . 

Washington . 

0.  543 

0.  640 

0.  705 

0.  760 

0.  839 

0.  865 

0.  886 

0.  901 

0.  922 

0.  909 

Mount  Wilson. . . . 

0.  612 

0.  724 

0.800 

0.  858 

0.  890 

0.  942 

0.  964 

0.  968 

0.  973 

0.  974 

0. 957 

Coefficient . 

Mount' Whitney  .. 

0.715 

0.  809 

0.  875 

0.  919 

0.  940 

0.  964 

0.  976 

0.  980 

0.  975 

0.  965 

0.  932 

These  are  smooth-curve  values,  and  do  not  take  account  of  powerful  selective 
absorption  in  water-vapor  bands.  For  additional  wave  lengths,  see  preceding 
table. 

The  form  of  the  spectrum  energy  curve  at  the  earth’s  surface  (not  allowing 
for  water-vapor  or  oxygen  bands)  may  be  obtained  by  multiplying  the  extra-atmos¬ 
pheric  intensities  by  the  corresponding  coefficients  of  atmospheric  transmission 
raised  to  powers  whose  exponents  are  the  secants  of  solar  zenith  distances. 

The  temperature  of  the  sun  is  discussed,  and  attention  is  drawn  to  certain 
influences  which  probably  tend  to  distort  the  sun’s  spectral  energy  curve,  and 
thereby  to  incline  us  to  set  too  low  values  for  the  probable  temperatures  prevailing 
in  the  sun’s  radiating  layers.  The  conclusion  is  drawn  from  the  observations  cited 
that  the  sun’s  emission  approximates  roughly  to  that  of  a  “black  body”  at  6,000° 
absolute  centigrade,  but  that  on  account  of  influences,  probably  active,  we  ought 
to  assign  a  solar  radiating  temperature  of  the  order  of  7,000°  absolute  Centigrade. 


THE  BRIGHTNESS  OF  THE  SKY  AT  NIGHT  AS  OBSERVED  ON 

MOUNT  WHITNEY, 

By  C.  G.  ABBOT. 

[Reprinted  from  Astronomical  Journal,  Vol.  XXVII,  p.  20,  1911.] 

In  August,  1909,  and  again  in  August,  1910,  the  writer  ascended  Mount 
Whitney  (4,420  meters  elevation)  primarily  for  the  purpose  of  making  determina¬ 
tions  of  the  solar  constant  of  radiation.  These  determinations  were  highly  satisfac¬ 
tory.1  At  the  request  of  Prof.  Kapteyn,  a  photometer  of  the  kind  described  by 
Yntema  2  was  carried  to  Mount  Whitney,  and  used  there  to  measure  the  bright¬ 
ness  of  the  sky  at  night.  The  photometric  experiments  made  in  1909  were  few, 
and  the  weather  at  the  time  was  abnormal.  The  results  are  given  on  page 
40  of  Yntema’s  paper,  but  for  completeness  will  be  repeated  here,  l^he  experi¬ 
ments  of  1910  were  more  numerous,  and  fairly  satisfactory  so  far  as  relative  meas¬ 
urements  are  concerned,  but  only  partially  successful  as  regards  measuring  the 
absolute  brightness  at  the  north  polar  region. 

Referring  to  Yntema’s  illustrations,  the  sky  photometer  consists  essentially 
of  a  plaster  of  Paris  screen  hooded  from  stray  light;  an  electric  lamp  giving  light 
of  adjustable  color  and  brightness,  capable  of  illuminating  the  screen  at  variable 
measured  distances;  and  an  alt-azimuth  mounting,  suitable  to  permit  the  observer 
to  point  the  instrument  toward  any  part  of  the  sky.  The  observations  of 
the  first  kind  consist  in  varying  the  distance  of  the  lamp  from  the  screen  until 
the  screen  disappears  from  view,  because  of  the  approximate  equality  of  its 
brightness  and  color  with  that  of  the  sky  against  which  it  is  observed.  In  these 
observations  the  illumination  by  the  lamp  was  first  brought  up  to  equality  with 
the  brightness  of  the  sky,  and  then  in  a  second  setting  brought  down  to  equality. 
The  mean  of  the  two  settings  was  used  as  the  distance  of  the  lamp  from  the  screen, 
corresponding  to  equality  of  illumination  of  the  screen  and  the  sky.  In  five 
settings  on  the  polar  sky,  made  on  August  6,  1910,  the  average  difference  in 
intensity  of  illumination  of  the  screen  under  the  two  kinds  of  settings  was  20 
per  cent.  Probably,  with  more  practice  and  more  comfortable  conditions  of 
observing  the  agreement  of  the  two  kinds  of  settings  would  have  been  much 
better. 

_ _ ^ _ _ a _ _ _ 

1  See  C.  G.  Abbot  and  F.  E.  Fowle,  Astrophysical  Journal,  April,  1911.  Also  this  book,  Chapter  4. 

2  See  Plates  I,  II,  III,  of  Yntema’s  “On  the  Brightness  of  the  Sky  and  the  Total  Amount  of  Starlight,” 
Groningen,  1909. 
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No  electric  storage  batteries  were  available  on  Mount  Whitney.  Dry  cells 
were  used  instead.  Although  many  cells  were  used  in  parallel,  the  brightness 
of  the  lamp  decreased  gradually  during  the  observations  of  1910.  A  correction 
was  made  for  this  change  by  comparing  the  successive  readings  on  the  pole,  and 
on  other  regions  of  the  sky  which  were  observed  more  than  once.  Thus  a  correct¬ 
ing  factor  as  a  function  of  the  time  was  found  and  applied. 

To  give  an  idea  of  the  probable  error  of  the  observations,  I  give  the  following 
numbers,  proportional  to  the  inverse  squares  of  the  distances  from  the  lamp  to 
the  screen,  for  five  readings  on  the  polar  sky  made  on  August  6,  1910,  as  corrected 
for  change  of  the  brightness  of  the  lamp: 


Observation . 

1 

2 

3 

4 

5 

Mean 

Inverse  square . . . 

474 

510 

492 

558 

460 

499 

Deviations . 

-25 

+11 

-7 

+59 

-39 

28 

The  average  deviation  is  about  6  per  cent. 

In  the  following  Table  64  all  the  observations  are  given  in  reduced  form. 
The  data,  in  order  from  left  to  right,  include  the  number  of  the  observation;  the 
Pacific  Standard  time;  sidereal  time;  right  ascension,  declination,  and  galactic 
latitude  of  the  region  of  sky  observed;  its  azimuth  and  zenith  distance;  its 
brightness  referred  to  the  brightness  near  Polaris;  the  transmission  of  the  direct 
starlight  as  computed  from  Mount  Whitney  solar  observations,  and  notes  on 
the  region  observed. 


Table  64. — Relative  brightness  of  the  night  sky  on  Mount  Whitney. 


l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Remarks. 

1909. 

Sept.  7: 

h.  m. 

h.  m. 

° 

° 

O 

° 

1... 

21  9 

18  36 

— 10.0 

—  4 

45.4 

58.9 

1.66 

Milky  Way.  Near  (22). 

2... 

14 

0  0 

—  8.7 

—69 

310.7 

59.7 

1.05 

3... 

17 

15  40 

+30.0 

4-51 

112.1 

68.4 

1.00 

4„ . . 

19 

13  40 

+50.0 

4-64 

217.0 

76.1 

1.21 

Near  t)  Ursa  Majoris. 

5... 

19 

18  36 

—10.0 

—  4 

47.7 

60.3 

1.66 

Milky  Way.  Near  (22). 

1910. 

Aug.  6: 

6... 

21  12 

18  30 

0  30 

+59 

-  3 

217 

59 

1.38 

0.838 

Milky  Way.  In  Cassiopeia’s  chair. 

7... 

16 

34 

+90 

+27 

180 

53 

.95 

.859 

Pole. 

8... 

20 

38 

18  0 

-26 

-  4 

9 

63 

3  .56 

.817 

Milky  Way.  Brightest!!!  Sagittarius. 

9... 

24 

42 

13  20 

+10 

+70 

93 

76 

1.01 

.679 

In  Virgo. 

10... 

28 

46 

11  28 

+58 

+57 

147 

69 

1.18 

.777 

In  bowl  of  Great  Dipper. 

11... 

32 

50 

+90 

+27 

180 

53 

1.02 

.859 

Pole. 

12... 

36 

54 

0  30 

+59 

-  3 

218 

56 

1.60 

.853 

Milky  Way.  Same  as  (6). 

13... 

40 

58 

19  35 

+32 

+  3 

241 

9 

1.75 

.908 

Milky  Way.  Near  Vega. 

14... 

43 

19  1 

+90 

+27 

180 

53 

.99 

.859 

Pole. 

15... 

46 

4 

135 

83 

1.42 

.500 

16... 

49 

7 

45 

83 

1.46 

.500 

17... 

52 

10 

315 

83 

1.40 

.500 

18... 

54 

12 

225 

83 

1.38 

.500 

19... 

57 

15 

22  20 

+  5 

-45 

294 

52 

1.36 

.864 

In  Pegasus. 

20... 

22  00 

18 

18  0 

-26 

-  4 

19 

65 

3.57 

.804 

Milky  Way.  Same  as  (8). 
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Table  64. — Relative  brightness  of  the  night  sky  on  Mount  Whitney — Continued. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Remarks. 

1910. 
Aug.  6: 

21... 

2 

h.m. 

20 

ft.m. 

+90 

+27 

180 

53 

1.12 

.859 

Pole. 

22... 

7 

25 

18  30 

-13 

-  5 

17 

51 

1.97 

.866 

Milky  Way.  South  of  Shield  of  Sobieski. 

23... 

12 

3Q 

15  40 

+30 

+51 

100 

48 

.84 

.874 

In  Corona  Borealis. 

24... 

17 

35 

+90 

+27 

180 

53 

.92 

.859 

Pole. 

Aug.  7: 
25... 

22  3 

19  25 

18  0 

-26 

—  4 

21 

66 

3.21 

.800 

Milky  Way.  Same  as  (8). 

26... 

7 

29 

18  30 

-13 

-  5 

18 

51 

2.38 

.865 

Milky  Way.  Same  as  (22). 

27... 

11 

33 

19  20 

+45 

+15 

15 

9 

1.31 

.906 

Milky  Way.  West  branch  NW.  of  Vega. 

28... 

16 

38 

+90 

+27 

180 

53 

1.01 

.859 

Pole. 

29... 

18 

40 

0  30 

+59 

-  3 

219 

50 

1.58 

.867 

Milky  Way.  Same  as  (6). 

30... 

20 

42 

11  28 

+58 

+57 

152 

74 

1.39 

.710 

Same  as  (10). 

31... 

23 

45 

15  40 

+30 

+51 

101 

51 

.97 

.867 

Same  as  (23). 

32... 

25 

47 

13  20 

+10 

+70 

101 

89 

1.29 

Same  as  (9). 

33... 

27 

49 

16  0 

-30 

+18 

47 

85 

1.45 

■  4(?) 

South  of  Antares. 

34... 

29 

51 

18  0 

-26 

-  4 

27 

68 

3.28 

.785 

Milky  Way.  Same  as  (8). 

35... 

31 

53 

22  20 

+  5 

-45 

304 

46 

1.36 

.877 

Same  as  (19). 

36... 

33 

55 

23  30 

-20 

-72 

308 

76 

1.40 

.687 

In  Aquarius. 

37... 

36 

58 

+90 

+27 

180 

53 

.99 

.859 

Pole. 

Column  9  shows  the  fact,  also  noted  by  Yntema,  that  there  is  a  considerable 
increase  of  brightness  of  the  night  sky  near  the  horizon.  The  same  thing  is  observed 
in  the  daylight  sky,  and  in  that  case  is  caused  by  reflection  of  sunlight  by  the  rela¬ 
tively  great  number  of  dust  particles  which  occur  in  a  line  of  sight  passing  near  the 
earth’s  surface.  Is  it  possible  that  the  cause  is  similar  for  the  night  sky?  In 
order  to  promote  an  understanding,  I  give  a  rough  summary  of  the  many  observa¬ 
tions  I  made  on  Mount  Whitney  with  the  bolometer  to  measure  the  relative  bright¬ 
ness  of  different  regions  of  the  sky  by  day.  The  numbers  refer  to  equal  angular 
areas  of  sun  and  sky  and  include  the  total  radiation  at  all  wave  lengths.  The 


values  are  expressed  in  arbitrary  units. 

Brightness  of  the  sun . . . . .  7,  280, 000 

Brightness  of  the  sky  5°  from  sun .  35 

Brightness  of  the  sky  5°  from  horizon .  11 

Brightness  of  the  sky  distant  from  sun  and  horizon .  3 


In  further  elucidation  of  the  matter,  I  call  attention  to  the  factors  of  transmis¬ 
sion  given  in  column  10  of  the  table. 

For  convenience  I  give  here  a  summary  of  them  in  connection  with  zenith 
distances: 


Zenith  distance. . . . 

0° 

48°.  2 

60°.  0 

66°.  4 

70°.  5 

73°.  4 

75°.  5 

78°.  5 

85°.  0 

Transmission  factor  1 . 

.913 

.873 

.834 

.  797 

.761 

.728 

.695 

.  635.  4 

.4 

1  At  Mount  Whitney  for  yellow-green  light. 


We  may  divide  the  sky  into  zones  of  the  following  zenith  distances  and  areas : 


Zenth  distance. . . 

0°-35° 

35°-50° 

50°-60° 

O 

o 

1 

o 

O 

<X> 

O 

O 

00 

1 

o 

o 

00 

o 

o 

1 

<£> 

o 

o 

Area  of  zone  1 . . . 

0. 181 

0. 176 

0. 143 

0. 158 

0.168 

0. 174 

1  As  a  fraction  of  a  hemisphere. 
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We  now  propose  to  see  if  it  is  possible  that  the  light  scattered  by  the  atmosphere 
from  all  the  stars  could  be  concentrated  in  the  zones  near  the  horizon  in  a  manner 
adapted  to  yield  the  observed  arrangement  of  the  brightness  of  the  sky  at  night. 
Let  us  assume  that  all  the  light  not  included  in  the  direct  star  beams  is  found  in 
the  scattered  light.  Let  us  further  assume  that  the  stars  are  uniformly  scattered 
over  the  sky.  Then,  considering  the  hemisphere  by  zones,  if  we  sum  the  products 
formed  by  multiplying  the  transmission  factors  for  different  zenith  distances  by 
the  areas  of  the  zones  for  corresponding  zenith  distances,  we  find  that  0.754  of  the 
starlight  outside  the  atmosphere  would  be  directly  transmitted  to  the  observer  on 
Mount  Whitney,  leaving  0.264  as  scattered.  Let  it  be  further  assumed  that  all  of 
the  sky,  except  the  zone  from  80°  to  90°  of  zenith  distance,  is  of  brightness  3  (in 
arbitrary  units)  and  that  the  zone  80°  to  90°  is  of  brightness  11,  corresponding 
respectively  to  the  results  obtained  by  day  for  the  faintest  sky  regions,  and  for 
the  sky  near  the  horizon.  Then  of  the  0.264  of  the  starlight  outside  the  atmos¬ 
phere,  which  is  assumed  to  be  diffusely  reflected  to  the  observer  by  the  atmosphere, 
0.107  will  be  in  the  zone  80°  to  90°,  and  0.149  in  the  rest  of  the  sky.  The  stars  in 
the  zone  80°  to  90°  will  send  0.400  of  their  light  in  their  direct  beams,  and  as  the 
area  of  this  zone  is  0.174  hemisphere  this  will  be  0.070  of  all  the  starlight  outside 
the  atmosphere.  Adding  together  the  direct  and  scattered  light  (0.107+0.070=), 
0.177  of  all  the  starlight  will  fall  in  zone  80°  to  90°,  which  has  0.174  of  all  the  area 
of  the  hemisphere. 

Hence,  on  the  assumptions  made,  this  zone  should  be  of  almost  exactly  the 
average  brightness.  But  by  direct  observations  it  is  found  to  be  decidedly  above 
the  average  brightness.  Moreover,  the  assumption  that  all  the  light  not  trans¬ 
mitted  in  the  direct  star  beam  reaches  the  earth  by  atmospheric  scattering,  is  clearly 
an  overstatement.  Besides,  it  would  be  impossible  that  each  star  could  send  its 
scattered  light  to  the  zone  80°  to  90°  in  brightness  almost  fourfold  its  average  for  the 
rest  of  the  sky.  The  brightness  of  its  scattered  light  would  be  at  a  maximum  near 
the  position  of  the  star,  and  would  reach  gradually  its  secondary  maximum  of  bright¬ 
ness  near  the  horizon,  not  suddenly  as  supposed,  so  that  a  much  larger  fraction  of 
the  scattered  stellar  light  than  assumed  must  occur  in  the  zone  0°  to  80°. 

We  must  therefore  conclude  that  the  increase  of  brightness  of  the  night  sky 
toward  the  horizon  on  Mount  Whitney  is  due  to  light  from  other  sources  than 
the  stars.  Yntema  reaches  a  similar  conclusion  from  his  observations  near  sea 
level,  and  he  even  concludes  that  the  skylight  from  the  other  source  is  from  7  to 
15  times  as  considerable  as  that  from  the  stars. 

In  these  circumstances  it  does  not  seem  desirable  to  reduce  the  observed  bright¬ 
ness  of  different  parts  of  the  sky  to  their  values  for  zenith  position;  for  it  would  be 
only  the  direct  starlight  for  which  such  a  reduction  would  be  proper.  In  what 
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follows  we  shall  confine  comparisons  to  observations  made  at  zenith  distances  not 
exceeding  70°,  unless  otherwise  stated. 

Grouping  the  observations  with  reference  to  galactic  latitude,  and  using  mean 
values  where  more  than  one  observation  occurred  at  one  stellar  position,  there 
results  the  following  table: 


Group . 

0°  to  ±5° 

±15°  to  i30° 

±45°  to  ±60° 

±60°  to  ±75° 

Gal.  lat. 

Relative 

brightness. 

Gal.  lat. 

Relative 

brightness. 

Gal.  lat. 

Relative 

brightness. 

Gal.  lat. 

Relative 

brightness. 

o 

o 

O 

O 

-3 

1.52 

+15 

1.31 

-45 

1.36 

-69 

1.05 

+3 

1.75 

+18 

1.45 

+51 

0.94 

1  +64 

1.21 

-4 

1.66 

+27 

1.00 

+57 

1.28 

1  +70 

1.01 

-4 

3.40 

1  -72 

1.40 

-5 

2. 17 

Mean  z.. 

4 

2.10 

20 

1.25 

51 

1.19 

69 

1.17 

>  These  three  observations  were  made  at  76°  zenith  distance.  »  Without  regard  to  sign  of  galactic  latitude. 


Notwithstanding  the  omission  of  values  at  extreme  zenith  distances,  it  is 
probable  that  the  results  indicate  relatively  too  high  a  brightness  at  the  higher 
galactic  latitudes,  so  far  as  the  brightness  depends  on  stellar  sources  alone.  In 
other  words,  the  terrestrial  sources  of  skylight,  by  increasing  the  brightness  all  over 
the  sky,  and  especially  toward  the  horizon,  tend  to  equalize  the  observed  illumina¬ 
tion,  and  to  obscure  the  differences  between  the  galaxy  and  other  parts  of  the  sky, 
which  would  be  noted  if  the  stars  alone  were  the  sources  of  light. 

Without  making  any  allowance  for  these  considerations,  the  average  brightness 
observed  in  the  galaxy  comes  out  about  twice  the  brightness  at  high  galactic  lati¬ 
tudes.  This  agrees  well  with  the  results  obtained  by  Yntema  near  sea  level. 

The  mean  relative  brightness  observed  within  10°  of  the  horizon  is  1.40,  as 
compared  with  that  at  the  pole. 

We  turn  now  to  the  second  part  of  the  investigation,  namely,  the  determina¬ 
tion  of  the  relative  amounts  of  light  from  a  square  degree  of  sky  at  the  pole  and  from 
a  first  magnitude  star  in  the  zenith.  The  apparatus  for  this  purpose,  additional  to 
the  photometer  already  mentioned,  is  shown  in  Plate  III  of  Yntema’s  publication. 
It  comprised  an  electric  light,  B,  of  adjustable  color  and  brightness,  shining  through 
an  opal  glass  covered  opening  in  its  inclosure.  At  an  adjustable  distance  the 
light  fell  on  an  opal  glass  screen,  A,  of  measured  diameter.  This  screen,  as  thus 
illuminated  from  its  back,  was  observed  from  in  front,  in  a  darkened  room,  by 
means  of  the  photometer,  just  as  if  the  screen  had  been  a  portion  of  the  night  sky. 
The  distance  on  the  photometer  bar  corresponding  to  the  equal  illumination  of  the 
photometer  screen  and  the  screen  A  was  noted.  Several  measurements  of  this 
quantity  were  made,  some  working  up,  others  working  down  to  the  proper  brightness. 
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The  lamp  B  and  screen  A  were  then  brought  near  together  and  clamped,  and 
were  carried  out  of  doors  upon  the  roof  of  the  building.  A  position  was  then  taken 
by  the  observer  so  far  away  that  the  screen  A  appeared  as  a  star,  and  could  be 
matched  with  real  stars  seen  nearly  in  the  same  direction.  Two  positions,  Ci  and 
C2,  were  chosen  and  comparisons  made  with  different  stars. 

Before  going  further,  I  regret  to  state  that  though  a  black  screen  with  a  small 
aperture  just  large  enough  to  permit  of  observing  the  screen  A,  was  interposed  in  the 
dark  room  between  the  photometer  and  the  screen  A,  I  neglected  to  ascertain  if  it 
prevented  any  light  from  the  photometer  lamp  from  illuminating  the  screen  A  from 
in  front.  This  possibility  had  been  mentioned  by  Yntema,  but  I  had  failed  to  note 
his  remark.  Dr.  Fath  called  my  attention  to  the  source  of  error  after  my  return  to 
Mount  Wilson,  but  although  I  set  up  the  apparatus  there  as  nearly  as  possible  as  it 
was  on  Mount  Whitney,  I  could  not  be  positive  whether  or  not  the  photometer  lamp 
had  shone  sometimes  on  a  part  of  the  screen  A.  The  tendency  of  this  possible 
source  of  error  will  be  noted  below. 

The  experiments  were  conducted  on  August  7,  1910.  As  the  mean  of  10  set¬ 
tings,  the  screen  A  was  matched  by  the  photometer  screen  at  100.1^=2.1  scale 
divisions  of  the  photometer  lamp.  On  the  same  night  a  little  later  the  north  polar 
sky  was  matched  at  150  divisions.  The  photometer  lamp  was  extinguished  between 
these  observations,  so  that  no  correction  for  falling  off  of  its  brightness  is  needed. 
The  distance  B-A  in  these  experiments  was  158  divisions.  The  distance  B-A  in  the 
roof  experiment  was  12.7  divisions.  The  diameter  of  the  screen  A  was  1.85  centi¬ 
meters.  The  distance  A-Cx  was  1,892  centimeters;  A-C2  was  2,859  centimeters. 
From  my  notes,  “  at  position  Cx  the  artificial  star  was  near  the  color  of  g>  Persei, 
perhaps  a  little  redder,  and  about  as  great,  or  slightly  greater  in  brightness,  v  Persei 
is  redder  than  the  artificial  star,  and  a  little  fainter.  At  position  C2,  v  Andromeda 
is  about  equal  to  the  artificial  star,  Piazzi  142,  a  little  fainter.”  Time :  21h  38m  P.S.T. ; 
19h  00m  sidereal.  These  four  stars  are  of  the  following  magnitudes  and  spectral 
classes  by  Harvard  Revised  Photometry : 


Star . 

<f)  Persei 

u  Persei 

y  Androm. 

Piazzi  142 

Magnitude . 

4.19 

3.77 

4.18 

5. 10 

Class . 

B 

K 

G 

F 

It  is  obvious  that  I  was  misled  in  estimating  the  relative  brightness  of  the 
first  two  of  these  stars,  and  quite  possibly  because  the  second  of  them  is  very  red. 
I  afterwards  found  myself  still  inclined  to  think  the  first  brighter  than  the  second, 
when  seeing  them  from  Mount  Wilson. 

Combining  all  the  above  roof  observations,  I  find  that  the  artificial  star  was  of 
3.7  magnitude  at  1,892  centimeters,  and  70°  zenith  distance.  The  atmospheric 
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extinction  was  0.77.  Hence  15.61  artificial  stars  in  this  position  would  have  equaled 
one  first  magnitude  star  in  the  zenith. 

We  may  now  form  the  expression  for  the  brightness  of  a  square  degree  of  polar 
sky  in  terms  of  first  magnitude  stars  in  the  zenith,  as  seen  from  Mount  Whitney. 
It  is: 

/  1892X100X12.7  Y  4 

\57 .3 X 1  -85 X ISO X 1 58/  x  15.61X3.1416~U'U/4D 

The  experiments  indicate  that  one  square  degree  of  polar  sky  gives  0.0746 
as  much  light  as  a  first  magnitude  zenith  star.  If  the  photometer  lamp  partly 
illuminated  the  screen  A,  in  the  dark-room  work,  the  final  result  is  too  small.  If  the 
lamp  B  decreased  in  brightness  in  the  brief  interval  between  the  dark  room  and  sub¬ 
sequent  roof  experiments  the  final  result  is  too  small  on  that  account  also,  but  this 
latter  error,  if  existing,  can  be  only  a  very  few  per  cent.  The  other  error  may  pos¬ 
sibly  be  large  enough  to  raise  the  result  to  0.10,  but  I  think  not. 

Yntema’s  values  for  the  absolute  brightness  of  a  square  degree  of  night  sky  at 
the  pole,  in  terms  of  first  magnitude  stars,  range  from  0.099  to  0.192.  Fabry1  has 
recently  determined  that  in  the  region  of  Ursa  Minor  the  photographic  intensity  of 
one  square  degree =0.92  stars  of  fifth  photographic  magnitude,  or  0.0231  stars  of 
first  photographic  magnitude.  Townley  2  finds  for  the  nongalactic  sky,  also  by 
photographic  means,  one  square  degree =one  star  of  4.5  magnitude,  or  0.0447  stars 
of  first  magnitude.  Burns  3  by  visual  methods  obtained  the  brightness  of  a  square 
degree  of  nongalactic  sky  as  equal  to  0.0502  first  magnitude  stars.  Newcomb,4 
also  by  a  visual  method,  found  a  result  almost  exactly  like  Fabry’s. 

In  view  of  the  discordance  of  these  determinations,  and  of  the  uncertainty  of 
my  own  observation,  it  is  yet  premature  to  conclude  whether  the  night  sky  at  sea 
level  is  brighter  or  darker  than  at  4420  meters.  Of  course  there  are  many  more 
stars  visible  at  high  elevations,  owing  to  the  clearness  and  low  barometric  pressure 
of  the  atmosphere.  For  the  same  reason  a  zenith  star  of  the  first  magnitude  seen  on 
Mount  Whitney  gives  about  H  as  much  light,  visually,  as  if  seen  in  average  weather 
conditions  at  Washington.  If  we  apply  this  to  my  result,  the  brightness  of  a  square 
degree  of  sky  at  the  pole,  as  seen  on  Mount  Whitney,  becomes  0.093  s  the  brightness 
of  a  first  magnitude  star  seen  in  the  zenith  at  Washington. 

One  is  inclined  to  think  the  discrepancies  between  the  results  of  various  observers 
above  mentioned  may  be  due  to  sources  of  error  inherent  in  the  methods  employed. 

1  Astrophysical  Journal,  Vol.  XXXI,  p.  398,  1910. 

2  Publications  Astron.  Soc.  Pacific  15,  13,  1903. 

3  Astrophysical  Journal,  Vol.  XVI,  p.  168,  1902. 

4  Astrophysical  Journal,  Vol.  XIV,  p.  307,  1901. 

s  Or  more  if  an  error  occurred  of  the  nature  above  described. 
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For  completeness,  I  give  the  following  meteorological  data.  Barometer  on 
Mount  Whitney  447  mm.  Temperatures  on  August  7,  1910: 


P.  S.  T. 

Wet  bulb. 

Dry  bulb. 

°  F. 

°  F. 

18h  3m 

29  .6 

37  .8 

22  43 

27  .4 

35  .4 

On  September  7,  1909,  the  sky  was  clear,  but  the  humidity  was  high.  On  both 
August  6,  and  August  7, 1910,  the  sky  was  clear,  the  humidity  low,  and  the  conditions 
nearly  normal  for  Mount  Whitney  clear  summer  weather. 

SUMMARY. 

Visual  photometric  observations  on  the  brightness  of  the  sky  by  night  were 
made  with  the  Kapteyn-Yntema  apparatus  by  the  writer  on  Mount  Whitney,  at 
4,420  meters  elevation,  on  September  7,  1909,  and  August  6  and  7,  1910.  The 
mean  brightness  in  the  galaxy  was  found  2.1  times  that  of  the  polar  sky.  The 
brightness  of  the  sky  within  10°  of  the  horizon  was  found  1.4  times  that  of  the  polar 
sky.  Not  altogether  satisfactory  observations  indicated  that  a  square  degree  of 
polar  sky  gives  0.0746  as  much  light  as  a  first  magnitude  star  in  the  zenith,  if  both 
are  observed  at  Mount  Whitney.  Compared  with  a  first  magnitude  zenith  star  at 
Washington,  a  square  degree  of  polar  sky  seen  from  Mount  Whitney  would  be  0.093 
as  bright. 


VOLCANOES  AND  CLIMATE. 

By  C.  G.  ABBOT  and  F.  E.  FOWLE. 

(Reprinted  from  Smithsonian  Miscellaneous  Collections,  Vol.  60,  No.  29,  p.  1, 1913.] 

During  the  summer  of  1912  we  were  engaged,  respectively,  at  Bassour,  Algeria, 
and  Mount  Wilson,  California,  in  measuring  with  the  pyrheliometer  and  spectro- 
bolometer  the  intensity  of  the  radiation  of  the  sun.  On  June  19  Mr.  Abbot  began 
to  notice  in  Bassour  streaks  resembling  smoke  lying  along  the  horizon,  as  if  there 
were  a  forest  fire  in  the  neighborhood  of  the  station.  These  streaks  continued  all 
summer,  and  were  very  marked  before  sunrise  and  after  sunset  covering  the  sky  then 
toward  the  sun  nearly  to  the  zenith.  After  a  few  days  the  sky  became  mottled, 
especially  near  the  sun.  The  appearance  was  like  that  of  the  so-called  mackerel 
sky,  although  there  were  absolutely  no  clouds.  In  the  months  of  July,  August,  and 
so  long  as  the  expedition  remained  in  September,  the  sky  was  very  hazy,  and  it  was 
found  that  the  intensity  of  the  radiation  of  the  sun  was  greatly  decreased  by  the 
Uncommonly  great  haziness.  Mr.  Fowle  noted  similar  appearances  at  Mount  Wilson 
especially  noting  the  streakiness  beginning  with  June  21.  Publications  in  European 
journals  and  elsewhere  have  indicated  that  this  haziness  was  world-wide.  We  adopt 
the  view  expressed  by  Dr.  Hellmann  1  that  the  haze  in  question  was  due  to  the  erup¬ 
tion  of  the  volcano  of  Mount  Katmai  in  Alaska  in  June,  1912.  In  the  present  paper 
we  give  the  effects  of  the  haze  on  the  quantity  and  quality  of  the  solar  radiation  as 
determined  by  our  measurements,  and  also  the  effect  which  the  presence  of  the  haze 
and  that  of  similar  occurrences  in  former  years  appear  to  have  had  on  the  climate  of 
the  earth. 

Before  passing  to  the  numerical  results  it  will  be  interesting  to  recall  briefly  the 
circumstances  attending  the  eruption  of  Mount  Katmai  and  of  other  extraordinary 
volcanic  outbreaks  which  resulted  in  periods  of  prolonged  haziness  similar  to  that  of 
the  summer  of  1912. 

SOME  GREAT  VOLCANIC  OUTBREAKS. 

Capt.  K.  W.  Perry,  United  States  Revenue  Service,  reported  that  on  June  6, 
1912,  the  revenue  steamer  Manning  being  moored  at  the  wharf  at  St.  Paul,  Kodiak 
Island,  he  observed  about  4  o’clock  a  peculiar  looking  cloud  rising  to  the  southward 
and  westward.  Ashes  began  to  fall  about  5  p.  m.,  and  after  this  thunder  and  light¬ 
ning  became  very  intense  and  the  wireless  apparatus  refused  to  work.  Volcanic 
matter  continued  to  fall  rapidly  until  9.  a.  m.,  June  7,  when  5  inches  of  ashes  had 


1  Zeitschrift  fur  Meteorologie,  January,  1913. 
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fallen.  About  noon  precipitation  began  again,  and  by  2  o’clock  it  was  pitch  dark. 
Although  all  ashes  of  the  previous  day  had  been  removed,  yet  the  decks,  masts,  and 
yards  were  again  heavily  laden,  and  the  men  stumbled  about,  colliding  with  one 
another  in  their  efforts  to  free  the  decks  with  shovels  and  streams  of  water.  It  was 
not  until  2  p.  m.,  June  8,  that  the  fall  of  ashes  decreased,  the  sky  assumed  a  reddish 
color,  and  finally  objects  became  dimly  visible.  The  average  depth  of  the  ashes  at 
Kodiak  Island,  100  miles  from  Mount  Katmai,  was  nearly  or  quite  1  foot.  It  seems 
doubtful,  however,  if  the  fall  olf  ashes  in  other  directions  from  the  volcano  was  as 
great  as  in  the  direction  of  Kodiak  Island. 

It  is  natural  to  compare  this  eruption  of  Mount  Katmai  with  the  extraordinary 
explosion  of  Krakatoa  in  the  Strait  of  Sunda  in  the  year  1883,  which  formed  the 
subject  of  the  exhaustive  report  of  the  Krakatoa  committee  of  the  Royal  Society  of 
Great  Britain.  After  a  quiescent  period  of  more  than  200  years  a  sharp  eruption  on 
the  Island  of  Krakatoa  began  in  May,  1883,  and  a  slight  quantity  of  ash  fell  as  far 
away  as  Batavia,  Java.  Parties  landed  several  times  on  the  island  during  the  sum¬ 
mer  of  1883,  and  found  much  activity  there,  and  destruction  of  the  vegetation. 
Still  nothing  very  extraordinary  had  occurred  until  on  August  26,  when  a  succession 
of  frightful  explosions  began,  lasting  until  the  morning  of  the  28th.  The  most 
violent  occurred  on  the  morning  of  the  27th,  when  the  northern  and  lower  portion 
of  the  Island  of  Krakatoa  was  blown  away,  leaving  a  vertical  cliff.  Instead  of  a 
mountain  1,400  feet  high,  which  previously  existed,  there  was  now  left  a  submarine 
cavity  reaching  1,000  feet  below  sea  level. 

The  wave  caused  by  this  explosion  was  upwards  of  50  feet  deep  when  it  reached 
the  shores  of  Java  and  Sumatra,  and  a  Dutch  warship  was  carried  about  2  miles 
inland,  and  left  30  feet  above  sea  level.  Nearly  40,000  people  perished  by  the  over¬ 
whelming  of  their  villages.  The  wave  was  still  several  feet  high  when  it  reached  the 
Cape  of  Good  Hope,  and  was  thought  to  be  noted  by  the  tide  gauges  of  the  English 
Channel.  The  noise  of  the  explosion  was  heard  as  far  as  the  Island  of  Rodriguez, 
3,000  miles  away,  and  it  is  believed  that  the  noise  was  heard  over  an  area  of  one 
thirteenth  the  entire  surface  of  the  globe.  The  air  waves  caused  were  noted  by 
meteorological  observers  to  have  made  seven  complete  passages  of  the  globe,  four 
going  out  from  the  volcano  to  the  antipodes,  and  three  in  return.  The  cloud  of  dust 
sent  up  from  the  volcano  was  measured  on  the  day  before  the  greatest  explosion  to 
be  17  miles  high.  For  many  months  thereafter  a  cloud  of  dust,  which  at  the  be¬ 
ginning  was  believed  to  have  an  elevation  of  about  20  miles,  and  which  after  a 
year  had  descended  to  10  miles,  surrounded  the  whole  world.  This  dust  caused  ex¬ 
traordinary  sunset  glows,  and  the  increased  length  of  the  twilight.  Other  effects 
from  it  will  be  noted  later. 

It  is  obvious  that  the  violence  of  the  explosion  of  Krakatoa  far  exceeded  that  of 
Mount  Katmai,  for  no  such  reports  of  the  noise  of  the  explosion  have  reached  us  in 
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1912.  On  the  other  hand,  the  quantity  of  ash  which  fell  at  Kodiak  Island,  100 
miles  from  the  volcano  of  Mount  Katmai,  exceeded  by  many  fold  the  quantity  which 
fell  at  similar  distances  from  Krakatoa.  According  to  Verbeek  the  depth  of  the 
ashes  at  100  miles  from  Krakatoa  averaged  less  than  1  centimeter. 

In  connection  with  their  report  of  the  extraordinary  atmospheric  conditions 
which  followed  the  Krakatoa  eruption,  the  Krakatoa  committee  published  accounts 
of  various  earlier  periods  of  haziness  associated  with  great  volcanic  action.  From 
these  we  glean  the  following: 

In  the  year  1783  occurred  the  eruption  of  Asamayama,  Japan,  stated  to 
be  the  most  frightful  eruption  on  record.  Immense  rocks  were  hurled  in  all  direc¬ 
tions,  and  towns  and  villages  buried.  One  stone  said  to  be  264  feet  by  120  feet 
fell  into  a  river  and  looked  like  an  island.  The  (if  possible)  still  more  extraordinary 
eruption  of  Skaptar  Jokull  in  Iceland,  also  occurred  in  the  same  year,  beginning 
near  the  end  of  May,  and  with  the  most  violent  eruptions  on  June  8  and  18.  Arago 
records  that  the  dry  fog  of  1783  commenced  about  the  same  day,  June  18,  at  places 
distant  from  each  other,  such  as  Paris  and  Avignon,  Turin,  and  Padua.  It  extended 
from  the  north  coast  of  Africa  to  Sweden,  and  lasted  more  than  a  month.  The 
lower  ah  did  not  seem  to  be  its  vehicle,  for  at  some  places  the  fog  came  on  with  a 
south,  at  others  with  a  north  wind.  Abundant  rains  and  the  strongest  winds 
did  not  dissipate  it.  In  Languedoc  its  density  was  such  that  the  sun  was  not 
visible  in  the  morning  up  to  17°  altitude  above  the  horizon.  The  rest  of  the  day 
the  sun  was  red  and  could  be  observed  with  the  unprotected  eye.  At  the  time  of 
new  moon  the  nights  were  so  bright  that  the  light  was  compared  to  that  of  full 
moon,  even  at  midnight. 

In  1814  occured  the  great  eruption  of  the  volcano  of  Mayon  in  the  Philippine 
Islands,  and  on  April  7  to  12,  1815,  the  extraordinary  outbreak  of  Tomboro,  Sum- 
bawa,  of  which  it  is  said  this  eruption  was  the  greatest  since  that  of  Skaptar  Jokull 
in  1783.  For  three  days  there  was  darkness  for  a  distance  of  300  miles.  After 
these  extraordinary,  volcanic  outbreaks  there  were  noted  in  Europe  streaky  skies, 
haziness,  long  twilights,  and  red  sunsets,  so  that  the  year  1815  is  the  most  remark¬ 
able  as  regards  sunset  lights  recorded  up  to  that  date. 

Passing  on  to  the  year  1831  there  occurred  three  moderate  eruptions,  and 
three  more  of  the  very  first  magnitude.  Thus  Grahams  Island  was  thrown  up, 
and  eruptions  took  place  in  the  Babujan  Islands  and  at  Pichincha.  Arago  says 
“the  extraordinary  dry  fog  of  1831  was  observed  in  the  four  quarters  of  the  world. 
It  was  remarked  on  the  coast  of  Africa  on  August  3,  at  Odessa  on  August  9,  in 
the  south  of  France  and  at  Paris  on  August  10,  in  the  United  States  on  August  15. 
The  light  of  the  sun  was  so  much  diminished  that  it  was  possible  to  observe  its  disk 
all  day  with  the  unprotected  eye.  On  the  coast  of  Africa  the  sun  became  visible 
only  after  passing  an  altitude  of  15°  or  20°.  M.  Rozet  in  Algeria  and  others  in 
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Annapolis,  United  States,  and  in  the  south  of  France,  saw  the  solar  disk  of  an 
azure,  greenish,  or  emerald  color.  The  sky  was  never  dark  at  night,  and  even 
at  midnight  in  August  small  print  could  be  read  in  Siberia,  Berlin,  Genoa,  etc. 
On  August  3  at  Berlin  the  sun  must  have  been  13°  below  the  horizon  when  small 
print  was  legible  at  midnight.” 

MOUNT  KATMAI  AND  THE  SOLAR  RADIATION. 

In  the  following  Table  65  we  give  the  transmission  of  the  atmosphere  for  the 
solar  radiation  as  determined  by  the  pyrheliometer,  and  for  the  separate  wave 
lengths  by  the  spectrobolometer.  In  the  first  column  we  have  the  ratio  of  the  mean 
values  of  the  total  intensity  of  the  solar  radiation  (as  determined  by  the  pyrheliome¬ 
ter)  compared  with  the  intensity  of  the  radiation  which  would  be  obtained  outside 
the  atmosphere,  on  the  moon,  for  instance.  The  results  are  grouped  with  regard 
to  time  as  indicated  in  the  side  headings.  Pyrheliometer  measurements  of  the 
different  days  have  been  reduced  to  the  values  which  would  have  obtained  if  the 
sun  had  been  at  48°  from  the  zenith  (air  mass  1.5)  and  if  the  earth’s  distance  from 
the  sun  had  been  at  its  mean  value.  The  remaining  columns  of  the  table  give 
the  vertical  transmission  coefficients  1  at  different  wave  lengths  in  the  spectrum. 
The  values  in  the  first  line,  corresponding  to  May  and  early  June,  are  in  close  accord¬ 
ance  with  similar  values  obtained  in  former  years  when  the  atmosphere  was  of  normal 
transparency.  Accordingly  the  values  in  subsequent  lines  indicate  by  comparison 
with  the  first  line  the  average  effect  of  the  volcanic  dust  in  diminishing  the  trans¬ 
parency  of  the  air. 

Table  65. — Atmospheric  transmission,  1912. 

(a)  MOUNT  WILSON,  CALIFORNIA. 


Time. 

Total 

radia¬ 

tion.' 

Wave  lengths  in  microns.2 

0. 34 

0.36 

0.40 

0.50 

0.60 

0.80 

1.00 

1.50 

2. 00 

Earlv  June. . . 

0.  77 

0.645 

0.741 

0.866 

0. 890 

0. 967 

0. 974 

0. 967 

0.960 

Late  June . 

.77 

.644 

.733 

.851 

.887 

.970 

.974 

.971 

.955 

July . 

.  69 

.549 

.654 

.782 

.835 

.919 

.937 

.956 

.938 

August . 

.64 

.536 

.623 

.738 

.785 

.872 

.898 

.931 

.931 

Haziest  days . 

.59 

.467 

.528 

.639 

.677 

.774 

.808 

.883 

.876 

(6)  BASSOUR,  ALGERIA. 


Early  June . 

0.72 

0.557 

0.606 

0.696 

0.  832 

0.  869 

0.951 

0.  964 

0. 956 

0. 947 

Late  June . 

.71 

.558 

.607 

.696 

.832 

.872 

.946 

.962 

.955 

.955 

July . 

.59 

.487 

.514 

.598 

.709 

.747 

.833 

.856 

.876 

.904 

August . 

.59 

.496 

.527 

.597 

.707 

.754 

.830 

.863 

.842 

.895 

Haziest  days . 

.51 

.406 

.439 

.495 

.604 

.656 

.737 

.767 

.887 

.872 

1  By  vertical  transmission  coefficient  we  mean  the  fraction  of  the  intensity  of  a  beam  of  rays  from  a  celestial  body  in  the  zenith  which  reaches 
the  ground. 

2  The  values  in  this  column  give  the  ratios  of  the  pyrheliometer  readings  at  a  solar  zenith  distance  48°  (air  mass  1.5),  and  reduced  to  mean  solar 
distance,  compared  to  the  solar  constant  of  radiation,  taken  as  1.93  calories  per  square  centimeter  per  minute. 

8  The  values  in  these  columns  give  the  transmission  coefficients  for  the  wave  lengths  named  for  celestial  bodies  in  the  zenith  (air  mass  1.0). 
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In  further  illustration  of  the  effect  of  the  haze  we  give  Table  66,  which  is 
computed  to  represent  the  condition  of  the  solar  radiation  transmitted  obliquely 
through  the  atmosphere,  at  a  solar  zenith  distance  of  about  48°  (corresponding  to 
air  mass  1.5).  In  the  first  column  are  given  the  mean  values  of  the  total  radiation 
per  square  centimeter  per  minute.  In  the  second  and  third  columns,  respectively, 
are  the  fractions  transmitted  and  the  fractional  decrease  in  the  intensity  of  the  total 


Fig.  30.— Effect  of  dust  on  solar  radiation  and  atmospheric  transmission  at  Mount  Wilson,  Cal.,  and  Bassour,  Algeria. 
AA  Pyrheliometer  results  at  solar  zenith  distance  48°  (air  mass  1.5). 

BB  Atmospheric  transmission  for  green  light  (A=0.5  n)  at  zenith  distance  48°. 


solar  radiation  in  passing  from  the  outside  of  the  atmosphere  to  the  surface  of  the 
earth.  The  remaining  columns  give  the  fractional  decrease  in  the  intensities  of 
different  wave  lengths  found  by  comparing  them  with  the  values  which  were  found 
for  them  during  May  and  early  June. 

Some  results  of  the  haziness  are  plainly  shown  by  the  accompanying  illustra¬ 
tions,  figures  30  and  31.  Figure  30  gives  the  march  of  the  pyrheliometry  and  of 
the  transmission  of  green  light  (at  wave  length  0.5  fi)  from  June  until  September. 
It  is  computed  for  the  solar  zenith  distance  of  48°  corresponding  to  air  mass  1.5. 
The  values  are  given  for  both  Mount  Wilson  and  Bassour.  In  figure  31  are  given 
the  vertical  transmission  coefficients  of  the  haze  itself  for  various  times  and  wave 
lengths.  Curves  representing  this  are  shown  corresponding  to  the  latter  part  of 
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June,  to  July,  to  August,  and  to  some  days  when  the  transparency  was  especially 
low.  These  data  are  also  given  for  both  Mount  Wilson  and  Bassour. 

From  these  results  we  may  draw  the  following  conclusions : 

(1)  The  haze  produced  by  the  volcano  of  Mount  Katmai  began  to  affect  measure¬ 
ments  in  Algeria  on  or  about  June  19,  and  those  of  Mount  Wilson  on  or  about  June  21. 


Table  66. — Illustrating  opacity  due  to  volcanic  matter. 

(a)  MOUNT  WILSON,  CALIFORNIA. 


Time. 

Total  radiation.' 

Percentage  depletion.* 

Values  in 
calories. 

Ratio  to 
early 
June. 

Per¬ 

centage 

deple¬ 

tion. 

Wave  lengths  in  microns. 

0.34 

0.36 

0.40 

0.  50 

0. 60 

1.00 

2. 00 

Early  June . 

1.49 

1.00 

0 

0.  0 

0.0 

0.0 

0.0 

0  0 

0  0 

Late  June . 

1.48 

.99 

1 

.2 

1.6 

2.7 

.5 

.0 

.  7 

July . 

1.33 

.89 

11 

21.  6 

16.  9 

14.  5 

9.0 

5.8 

3  4 

August . 

1.24 

.83 

17 

24.3 

23.0 

21.4 

17.  3 

11.  7 

4.  3 

Haziest  days . 

1.13 

.76 

24 

38.5 

39.7 

36.5 

33.7 

24.9 

13.0 

(6)  BASSOUR,  ALGERIA. 


Early  June . 

1.39 

1.00 

0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Late  June . 

1.37 

.99 

1 

-  .2 

-  .2 

.0 

.0 

-  .5 

.4 

-  1.4 

July . 

1.14 

.82 

18 

18.3 

21.9 

20.3 

21.3 

20.1 

16.4 

6.6 

August . 

1. 14 

.82 

18 

15.9 

18.7 

20.7 

21.7 

19.0 

15.2 

7.9 

Haziest  days . 

0. 99 

.71 

29 

38.0 

38.4 

40.1 

38.1 

34.2 

28.9 

11.6 

i  These  values  relate  to  pyrheliometer  measurements  at  a  solar  zenith  distance  of  48°  (air  mass  1.5)  and  mean  solar  distance. 
b  These  values  relate  to  atmospheric  transmission  for  solar  zenith  distance  of  48°  (air  mass  1.5)  and  depend  on  spectrobolometrie  measurements 
at  the  wave  lengths  named.  The  percentage  depletion  indicates  the  loss  of  direct  radiation  attributable  to  the  volcanic  haze,  assuming  none  was 
present  in  early  June. 

(2)  The  effect  increased  during  July,  and  had  reached  its  maximum  for  Bassour 
by  the  middle  of  August,  but  seemed  still  increasing  at  Mount  Wilson  to  the  end 
of  August. 

(3)  The  maximum  decrease  of  the  total  solar  radiation  attributable  to  the 
haze  seems  to  have  reached  nearly  or  quite  20  per  cent  at  each  station. 

(4)  It  would  appear  from  inspection  of  the  transmission  coefficients  for  different 
wave  lengths  that  the  peculiarities  of  the  sky  in  the  latter  part  of  June  produced  no 
marked  decrease  of  the  transparency  of  the  air. 

(5)  As  regards  the  different  wave  lengths  of  the  spectrum,  the  effect  of  the 
haziness  is  greater  for  visible  rays  than  for  infra-red  ones,  but  the  difference  of 
transmission  does  not  increase  so  greatly  toward  the  violet  as  one  would  expect. 
Indeed  for  the  Bassour  results  there  was  nearly  uniform  effect  throughout  the 
whole  visible  and  ultra-violet  spectrum.  The  Mount  Wilson  results,  however, 
show  somewhat  increasing  effects  toward  the  shortest  wave  lengths.  This  circum¬ 
stance  is  very  noteworthy  and  indicates  to  us  that  the  size  of  the  particles  which 
produced  the  scattering  of  light  was  on  the  whole  much  greater  than  the  size  of 
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the  particles  which  produced  the  ordinary  blue  light  of  the  sky.  Lord  Rayleigh 
has  shown  that  for  particles  small  as  compared  with  the  wave  length  of  light  the 
scattering  effect  is  inversely  proportional  to  the  fourth  power  of  the  wave  length. 
It  is  from  this  extraordinarily  rapid  increase  of  the  scattering  toward  the  shorter 
wave  lengths  that  we  owe  the  very  blue  character  of  the  sky.  The  haze,  on  the 


Fig.  31. — Effect  of  dust  on  atmospheric  transparency  at  Mount  Wilson,  Cal.,  and  Bassour,  Algeria. 

EE  Vertical  transmission  of  atmosphere  early  June,  1912. 

AA  Transmission  ratio:  late  June  to  early  June. 

BB  Transmission  ratio:  all  July  to  early  June. 

CC  Transmission  ratio:  all  August  to  early  June. 

DD  Transmission  ratio:  haziest  days  to  early  June. 

other  hand,  produced  a  whitish  appearance  on  account  of  the  larger  size  of  the 
particles  concerned. 

As  Bassour  is  at  a  lower  altitude  (1,160  meters)  than  Mount  Wilson  (1,730 
meters),  it  may  be  that  the  atmosphere  above  Bassour  included  on  the  average 
grosser  particles  than  the  atmosphere  above  Mount  Wilson.  This  may  account 
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for  the  fact  that  the  haze  effect  for  Bassour  did  not  increase  toward  short  wave 
lengths  as  rapidly  as  that  for  Mount  Wilson.  There  is  even  a  tendency  toward 
smaller  effects  at  Bassour  for  the  extreme  ultra-violet  than  for  the  visible  rays. 
If  this  be  real  we  think  it  may  be  due  to  a  selective  action  of  the  dust  due  to  its 
composition  of  volcanic  glass  and  sulphur. 

Mr.  Fowle  collected  on  Mount  Wilson  some  dust  which  fell  upon  the  mirror 
of  the  coelostat,  and  this  dust  has  been  very  kindly  analyzed  for  us  by  Dr.  Merrill,  of 
the  United  States  National  Museum,  who  writes: 

Dr.  Pogue  has  reported  on  the  dust  left  by  you  this  morning  as  being  composed  of  frag¬ 
ments  of  volcanic  glass,  quartz,  feldspar,  and  kaolin.  Volcanic  glass  is  a  common  constituent 
of  volcanic  dust,  as  is  also  feldspar.  Quartz  would  occur  only  rarely,  and  kaolin  scarcely  at  all. 
On  account  of  the  decomposed  condition  of  much  of  the  glass,  and  the  presence  of  kaolin,  we 
are  both  of  us  inclined  to  regard  the  dust  as  probably  from  the  plains,  and  not  as  derived  directly 
from  the  volcano,  although  the  glass  would  suggest  an  ultimate  volcanic  origin. 

DECREASE  OF  HEAT  AVAILABLE  TO  WARM  THE  EARTH. 

In  the  passage  of  the  beam  of  sunlight  from  the  outer  limit  of  the  atmosphere 
to  the  soil  losses  of  energy  occur  in  the  direct  beam  as  follows:  (1)  Absorption  by  the 
gases  and  vapors  of  the  atmosphere,  principally  in  the  infra-red  water-vapor  bands. 
(2)  Scattering  of  light  toward  the  ground  from  the  direct  solar  beam  by  the  molecules 
and  dust  particles  of  the  atmosphere,  thus  producing  the  light  of  the  sky.  This  loss 
in  the  direct  solar  beam  is  made  up  to  us  by  the  skylight.  (3)  A  fraction  of  the  solar 
beam  is  scattered  by  the  molecules  and  dust  particles  of  the  air  in  such  a  direction 
as  to  go  out  to  space,  and  thus  be  lost  to  the  earth  for  heating  purposes.  To  this 
may  be  added  the  quantity  of  radiation  (if  any)  which  is  absorbed  in  the  higher 
atmosphere. 

The  question  arises  how  much  the  third  loss,  by  diffuse  reflection  and  scattering 
to  space  and  higher  atmospheric  absorption,  was  increased  owing  to  the  presence 
of  the  dust  cloud  of  1912.  It  is  not  possible  to  determine  this  loss  by  direct  meas¬ 
urements.  However,  knowing  the  solar  constant  of  radiation,  the  intensity  of  the 
direct  solar  beam  at  the  earth’s  surface,  the  intensity  of  the  sky  radiation,  and  the 
quantity  of  absorption  by  atmospheric  vapors,  the  loss  by  high  atmospheric  absorp¬ 
tion  and  by  reflection  of  the  atmosphere  to  space  may  be  approximately  computed. 
We  obtain  the  value  of  the  solar  constant  of  radiation,  the  intensity  of  the  direct  solar 
beam  at  the  earth’s  surface,  and  the  loss  of  radiation  by  absorption  in  the  vapors 
of  the  lower  atmosphere  on  each  day  of  observation.  In  order  to  determine  the 
total  intensity  of  the  sky  radiation  Mr.  Abbot  devised  and  constructed  at  Bassour 
two  pieces  of  apparatus,  and  made  measurements  for  this  purpose. 

The  first  contrivance  was  a  bolometer  with  a  somewhat  wide  receiving  strip. 
This  bolometer  was  made  with  a  wooden  case  and  rough  interior  construction,  but 
it  was  found  to  answer  the  purposes  for  which  it  was  designed  fairly  well.  It  had  an 
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alt-azimuth  mounting,  and  measurements  were  made  with  it  of  the  intensity  of  the 
sky  radiation  at  all  parts  of  the  sky  as  compared  with  the  intensity  of  the  direct 
beam  of  the  sun.  In  this  comparison  the  direct  solar  beam  was  reduced  in  intensity 
by  means  of  a  rotating  sector  diaphragm,  and  a  series  resistance  was  inserted  for 
diminishing  the  sensitiveness  of  the  galvanometer  when  the  sun  was  observed. 
Measurements  were  made  with  this  bolometer  on  the  brightness  of  the  sky  on 
September  5,  6,  and  7,  1912. 

The  other  apparatus  used  was  a  device  originally  intended  for  measuring  the 
nocturnal  radiation,  and  was  similar  in  principle  to  the  Angstrom  compensation 
pyrheliometer.  The  two  blackened  metal  strips,  instead  of  being  side  by  side,  were 
placed  one  above  and  the  other  beneath  a  thin  horizontal  plate  of  brass,  and  were  so 
protected  by  strips  of  horn  that  the  metal  strips  could  not  give  off  radiation  except 
from  their  outward  surfaces.  The  radiation  from  the  outward  surface  of  each  strip 
was  free  to  go  in  any  direction  within  a  hemisphere.  In  the  use  of  this  instrument  a 
blackened  screen  was  placed  beneath  it  so  that  the  lower  strip  was  exchanging 
radiation  only  with  this  screen,  which  subtended  a  whole  hemisphere.  The  upper 
strip  was  exchanging  radiation  with  the  whole  sky. 

In  the  use  of  the  bolometer  mentioned  above  the  instrument  was  protected 
from  exchanges  of  radiation  of  great  wave  length  by  means  of  a  plate  of  glass.  The 
nocturnal  radiation  instrument,  on  the  other  hand,  had  no  plate  of  glass  in  front  of 
it.  Accordingly,  while  the  bolometer  measured  only  the  radiation  of  the  sky  trans¬ 
missible  by  glass  (that  is  to  say,  the  radiation  coming  indirectly  from  the  sun),  the 
nocturnal  instrument,  on  the  other  hand,  measured  the  combined  effect  of  rays  of 
all  wave  lengths.  Accordingly,  a  correction  had  to  be  applied  in  the  latter  measure¬ 
ments  for  the  radiation  which  the  instrument  would  have  sent  out  if  the  sun  had  been 
in  eclipse.  Of  course  this  correction  could  not  really  be  measured,  but  Mr.  A.  K. 
Angstrom  had  made  measurements  at  Bassour  of  the  nocturnal  radiation  on  the 
morning  and  evening  of  each  of  the  days  in  question,  and  these  he  has  kindly  permit¬ 
ted  us  to  use.  Assuming  that  the  nocturnal  radiation  would  have  had  the  mean  of 
these  morning  and  evening  values  at  midday  if  the  sun  had  been  eclipsed,  we  may 
thus  estimate  and  correct  the  results  for  the  exchange  of  long-wave  rays  between 
the  blackened  strip  and  the  sky.  Thus  we  determine  the  solar  radiation  scattered 
from  the  sky  to  the  observer  as  indicated  by  the  nocturnal  radiation  apparatus.  The 
experiments  of  all  three  days  with  this  instrument  indicated  that  the  scattered  solar 
radiation  received  from  the  sky  was  in  excess  of  the  long-wave  radiation  lost  to 
the  sky. 

The  bolometric  observations  at  different  parts  of  the  sky  were  reduced  by 
graphical  methods  so  as  to  give  the  mean  brightness  of  the  various  zones,  and  these 
were  summed  up  with  regard  to  their  relative  areas,  so  as  to  give  the  total  effect  of 
the  sky  on  a  horizontal  surface.  The  values  given  are  for  noon  observations,  and 
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are  stated  in  calories  per  square  centimeter  per  minute.  In  the  daylight  observa¬ 
tions  with  the  nocturnal  radiation  apparatus  the  sun  was  screened  away  by  a  broom 
held  at  about  2  meters  distance.  The  results  represent  therefore  the  whole  sky,  ex¬ 
cept  a  part  very  close  to  the  sun.  The  results  of  both  kinds  of  observations  are  col¬ 
lected  below: 

Table  67. — Radiation  of  the  shy—Bassour,  1912. 


(a)  BOLOMETRY  OF  SKY  RADIATION. 

Intensity. 

Date. 

Mean. 

Sept.  5. 

Sept.  6. 

Sept.  7. 

Direct  solar  beam  in  calories . 

1.24 

1.25 

1.25 

1.25 

Fraction  added  by  the  sky . 

.126 

.126 

.129 

.  174 

Sky  radiation  in  calories . 

.331 

.158 

.161 

.217 

(6)  MEASUREMENTS  OF  SKY  RADIATION  BY  NOCTURNAL  APPARATUS. 

Calories. 

Calories. 

Calories. 

Calories. 

Before  sunrise . 

-0.169 

-0. 205 

-0.  208 

-0. 194 

Noon . 

+  .062 

+  .092 

+  .047 

+ 

o 

OS 

After  sunset . 

-  .208 

-  .225 

-  .220 

-  .218 

Total  sky  radiation  in  calories . 

.250 

.307 

.261 

.273 

Although  the  results  show  a  large  divergence  in  percentage,  it  is  not  great  in 
calories;  and  the  mean  result  of  all  experiments,  namely  0.245  calories  per  square 
centimeter  per  minute,  probably  represents  the  total  sky  radiation  to  within  0.05 
calories. 

We  will  now  give,  as  a  mean  for  the  three  days,  noon  measurements  of  the 
three  quantities  of  radiation:  (1)  That  which  reaches  the  earth  in  the  direct  beam 
of  the  sun.  (2)  That  which  reaches  a  horizontal  surface  by  scattering  from  the 
whole  sky.  (3)  That  which  is  absorbed  from  the  direct  beam  of  the  sun  and  from 
the  sky  radiation  by  the  vapors  of  the  atmosphere. 

These  quantities  are  as  follows: 

Calories  per  square  centimeter  per  minute. 


Direct  solar  beam. . . . . . . . .  1.  250 

Total  sky  radiation . . . . . . . 245 

Absorbed  radiation . . . . . . 175 


Sum . -  1.  67 

Solar  constant . . .  1. 95 


Difference. . . . . . . . . ... . . . . . . . . 28 


The  difference  between  the  solar  constant  and  the  sum  of  the  three  parts  of 
the  solar  radiation,  received  at  the  earth’s  surface  or  absorbed  in  the  lower  atmos- 
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phere,  gives  approximately  the  combined  loss  by  diffuse  reflection  from  the  atmos¬ 
phere  to  space  and  by  absorption  in  the  higher  atmosphere.  This  quantity  is 
about  0.28  calories  per  square  centimeter  per  minute.  Experiments  of  similar 
nature  have  been  made  at  Mount  Wilson  and  Mount  Whitney  in  former  years, 
and  their  result  has  always  indicated  that  the  combined  higher  atmospheric  absorp¬ 
tion  and  the  reflection  of  the  atmosphere  to  space  was  not  more  than  about  0.05 
calories  per  square  centimeter  per  minute.  Accordingly  the  difference  of  0.20 
calories  in  round  numbers  seems  to  be  attributable  to  the  uncommon  haziness 
which  prevailed  in  the  higher  atmosphere  during  the  summer  of  1912.  This  differ¬ 
ence  is  about  10  per  cent  of  the  solar  constant  of  radiation. 

It  might  be  expected  that  if  so  great  a  decrease  as  this  in  the  heat  available  to 
warm  the  earth’s  surface  should  continue  indefinitely,  the  mean  temperatures 
recorded  at  meteorological  stations  would  thereby  be  lowered  by  about  7°  C.  But 
it  is  not  certain  that  the  effect  of  this  considerable  diminution  of  heat  was  not 
counteracted  by  some  change  in  the  average  cloudiness,  or  in  the  nocturnal  radiation 
of  the  earth  to  space.  It  is  conceivable  that  the  cloud  of  haze  prevented  the  escape 
of  radiation  of  the  earth  to  space  in  the  same  manner  that  it  prevented  the  incoming 
of  radiation  from  the  sun  to  the  earth,  so  that  the  decrease  of  heat  available  to  warm 
the  earth  may  have  been  in  part  or  in  whole  compensated  by  a  decrease  in  the  rate 
of  escape  of  heat  from  the  earth,  owing  to  the  presence  of  the  haze. 

Mr.  Angstrom  has  kindly  communicated  to  us  some  measurements  of  the  noc¬ 
turnal  radiation  which  he  made  at  Bassour  in  the  summer  of  1912.  Unfortunately 
these  measurements  were  not  begun  until  after  the  haze  from  the  volcano  had 
reached  a  considerable  density,  but  Mr.  Angstrom  has  arranged  his  values  with 
reference  to  the  degree  of  haziness  which  prevailed,  as  indicated  by  pyrheliometric 
measurements  of  the  direct  beam  of  the  sun  during  the  successive  days.  In  this 
way  he  has  divided  his  measurements  of  nocturnal  radiation  into  two  groups,  one 
group  being  taken  on  the  nights  of  the  days  in  which  the  transparency  of  the  atmos¬ 
phere  had  been  above  the  average,  and  the  other  group  taken  on  the  nights  of  the 
days  in  which  the  transparency  of  the  atmosphere  had  been  below  the  average. 
The  number  of  days  in  each  group  is  17.  He  finds  that  the  average  nocturnal  radia¬ 
tion  was  about  0.15  calorie  per  square  centimeter  per  minute,  and  that  the  nights 
corresponding  to  days  of  more  than  usual  transparency  of  the  atmosphere  gave  a 
nocturnal  radiation  0.001  calorie  above  the  normal,  while  those  nights  corresponding 
to  days  of  less  than  usual  transparency  gave  a  nocturnal  radiation  0.001  calorie 
below  the  normal.  This  difference,  0.002  calorie,  between  the  hazy  days  and  the 
clearer  ones  is  so  small  that  Mr.  Angstrom  is  doubtful  if  it  be  a  real  effect  or  only 
an  accidental  error  of  measurement. 

However,  it  would  not  be  expected  that  the  effect  due  to  a  difference  of  haziness 
between  the  two  groups  of  days  would  be  so  great  as  the  effect  due  to  the  haziness 
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produced  by  the  volcano;  and  it  can  also  be  shown  that  the  effect  which  might  be 
expected  from  the  volcano  itself  would  not  be  very  great,  measured  by  thousandths 
of  a  calorie. 

It  is  shown  by  us 1  that  the  direct  radiation  of  the  earth  to  space  is  not,  perhaps, 
greater  than  10  per  cent  of  the  total  radiation  of  a  body  at  the  temperature  of  the 
earth.  Mr.  Angstrom’s  measurements  incline  him  to  think  that  the  transmission 
of  direct  radiation  to  space  is  somewhat  greater  than  this,  perhaps  15  or  18  per 
cent.  Suppose  that  we  should  assume  it  to  be  the  latter.  A  perfect  radiator  at 
the  temperature  of  the  earth  emits  about  0.5  calorie  per  square  centimeter  per 
minute.  Taking  18  per  cent  of  this  we  have  0.09  calorie.  Then  we  assume  that  of 
the  0.15  calorie  representing  the  nocturnal  radiation,  0.09  calorie  would  be  trans¬ 
mitted  from  the  earth’s  surface  to  space  and  the  remaining  0.06  calorie  would  be 
the  counterradiation  of  the  cooler  atmosphere  toward  the  earth.  Let  us  further 
suppose  that  the  volcanic  haze  (which  produced  a  decrease,  as  we  have  found, 
of  10  per  cent  in  the  incoming  energy)  produced  a  decrease  of  5  per  cent  in  the 
transmission  of  the  higher  atmosphere  to  the  radiation  sent  out  by  the  earth.  This 
effect  of  course  will  influence  Mr.  Angstrom’s  results  only  on  the  0.09  calorie  sup¬ 
posed  to  be  transmitted  from  the  soil  through  the  atmosphere  to  space.  Five  per 
cent  of  0.09  calorie  is  0.0045  calorie;  so  that  if  it  should  be  found  that  the  nocturnal 
radiation  experienced  a  decrease  of  0.0045  calorie  per  square  centimeter  per  minute 
owing  to  the  volcanic  haze  of  1912,  the  10  per  cent  loss  of  heat  incoming  from  the 
sun,  due  to  the  reflection  of  this  haze  to  space,  would  be  half  compensated.  The 
value  0.0045  calorie  is  so  near  the  difference,  0.002  calorie,  found  by  Mr.  Angstrom 
to  exist  between  his  clear  and  hazy  days,  that  it  seems  impossible  to  say  as  yet 
whether  the  decrease  of  heat  available  to  warm  the  earth  was  not  in  considerable 
measure  compensated  as  we  have  described. 

INFLUENCE  OF  FORMER  HAZY  PERIODS  ON  THE  SOLAR  RADIATION. 

It  is  only  since  just  before  the  Krakatoa  eruption  of  1883  that  we  have  had 
measurements  of  the  intensity  of  solar  radiation  comparable  to  those  that  were 
available  in  1912.  From  a  paper  of  Prof.  H.  H.  Kimball 2  we  copy  the  data  for  the 
top  line  of  the  accompanying  figure  32,  which  shows  the  departures  of  the  annual 
solar  radiation  received  at  the  earth’s  surface,  as  measured  at  Montpelier  and  other 
stations.  The  smoothed  curve  (A)  of  the  figure  is  formed  from  the  combination  of 
these  results  by  adding  to  twice  the  value  for  the  year  in  question  the  value  for  the 
year  next  preceding  and  the  value  for  the  year  next  following,  and  dividing  the  sum 
by  4.  It  is  apparent  that  very  great  departures  from  the  usual  intensity  of  solar 
radiation  occurred  from  1883  to  1887,  from  1888  to  1893,  and  from  1902  to  1904, 
respectively.  The  departure  which  followed  the  Krakatoa  eruption  is  only  what  we 


1  Annals  Astrophysical  Observatory,  vol.  2,  pp.  167-172. 

2  Bulletin  of  the  Mount  Weather  Observatory,  vol.  3,  pt.  2. 
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should  have  expected,  but  it  is  interesting  to  find,  if  we  can,  the  causes  of  the 
diminished  solar  radiation  having  minima  in  1891  and  1903,  respectively. 

Considering  first  the  period  1888  to  1893,  undoubtedly  the  greatest  eruption  of 
this  period  occurred  in  northern  Japan.  Bandai-San  is  a  mountain  about  5,800 
feet  high  which  had  shown  no  sign  of  activity  for  about  1,100  years.  A  subordinate 
peak  called  “  Little  Bandai-San”  arose  on  its  northeastern  side.  On  the  morning  of 
July  15, 1888,  with  only  a  few  minutes  earthquake  as  a  preliminary  warning,  Little 
Bandai-San  was  blown  completely  into  the  air  and  obliterated.  The  debris  buried  and 
devasted  an  area  of  at  least  30  square  miles.  An  estimate  based  on  the  depth  of  the 
material  in  this  area  indicated  that  the  quantity  of  earth,  rocks  and  volcanic  material 
reached  700,000,000  tons,  and  that  doubtless  the  true  figure  would  be  much  greater 
still.  About  600  people  perished  horribly,  and  many  more  were  reduced  to  destitu¬ 
tion.  It  was  with  one  possible  exception  the  most  terrible  volcanic  disaster  which 
had  occurred  in  Japan  since  the  famous  explosion  of  Asamayama  in  1783.  The  force 
of  an  explosion  capable  of  tearing  a  mountain  to  bits  and  distributing  it  over  an 
area  of  30  square  miles  may  well  have  been  sufficient  to  blow  the  column  of  ashes 
high  enough  into  the  air  to  have  been  carried  over  the  earth  like  those  ejected  from 
the  crater  of  Krakatoa  in  1883. 

An  eruption  took  place  of  the  volcano  Mayon  in  the  Philippine  Islands,  Decem¬ 
ber  15,  1888.  Vast  columns  of  ashes  ascended  from  the  crater,  and  in  a  short  time 
the  darkness  was  so  intense  that,  though  it  was  midday,  lights  had  to  be  used  in 
every  house  in  Manila.  Violent  eruptions  were  also  reported  from  other  volcanoes 
in  the  Philippine  Islands. 

The  activity  of  the  Island  of  Vulcano,  near  the  coast  of  Sicily,  lasted  20  months, 
from  August  3,  1888  to  March  22,  1890.  The  most  violent  explosions  occurred  on 
August  4,  1888,  December  26,  1889,  and  March  15,  1890.  An  eruption  on  January  6, 
1889,  was  observed  by  Prof.  A.  Ricco  from  the  Observatory  of  Palermo  to  be  sending 
a  column  of  smoke  to  the  height  of  1072  kilometers. 

In  February,  1890,  there  was  the  volcanic  eruption  at  the  island  of  Bogoslof 
in  the  Bering  Sea.  Three  small  islands  were  created  in  the  immediate  vicinity,  and 
the  island  was  raised  1,000  feet.  Ashes  were  collected  in  Unalaska,  about  40  miles 
distant. 

On  June  7,  1892,  by  a  great  outbreak  of  a  volcano  near  the  capital  of  the  island 
of  Great  Sangir,  south  of  the  Philippines,  some  thousands  of  people  were  killed  and 
immense  quantities  of  ashes  fell  all  over  the  island.  The  noise  of  the  explosion  was 
heard  at  Sandakan,  500  miles  from  Great  Sangir. 

An  eruption  of  Mount  Etna  began  on  the  night  of  July  8  and  9,  1892,  and  con¬ 
tinued  with  more  or  less  intensity  all  the  month,  and  occasional  outbreaks  occurred 
afterwards.  The  eruption  was  notable  for  the  enormous  quantities  of  smoke  and 
sand  emitted. 


224 


ANNALS  OF  THE  ASTKOPHYSICAL  OBSERVATORY. 


Passing  now  to  the  period  1902  to  1904,  the  question  whether  the  frightfully 
destructive  eruption  of  Mount  Pelee,  Martinique,  May  8  and  20,  1902,  and  the 
simultaneous  great  activity  of  Soufriere,  St.  Vincent,  produced  a  widely  distributed 
haze  in  the  earth’s  atmosphere,  can  not  be  certainly  answered.  On  the  one  hand  the 
measurements  made  at  the  Astrophysical  Observatory  of  the  Smithsonian  Institu¬ 
tion  on  the  transmission  of  the  earth’s  atmosphere  in  1901,  1902,  and  1903  show  that 
during  the  latter  part  of  1902  and  the  whole  of  1903  the  transparency  of  the  atmos¬ 
phere  was  very  decidedly  below  the  normal.  On  the  other  hand,  a  measurement  of 
the  total  intensity  of  the  solar  radiation  made  at  this  Observatory  in  Washington 
on  October  15,  1902,  gives  a  value  of  the  intensity  of  1.40  calories  per  square  centi¬ 
meter  per  minute,  which  is  among  the  very  highest  observations  of  this  kind  which 
have  been  made  at  this  station.  It  is  of  course  possible,  though  unlikely,  that  the 
haze  due  to  the  eruption  of  Mount  Pelee  was  not  so  quickly  distributed  toward  the 
more  northern  latitudes  as  that  of  Mount  Katmai  in  Alaska  was  this  year  toward 
more  southerly  ones,  so  that  perhaps  the  effect  reached  Washington  later  than 
October  15,  1902.  However,  there  were  other  volcanoes  active  about  this  time. 

On  October  24,  1902,  there  occurred  the  eruption  of  Santa  Maria  in  Guatemala. 
The  ashes  from  this  volcano  covered  an  area  of  more  than  125,000  square  miles. 
Pumice  stone  and  ashes  fell  to  a  depth  of  8  inches  or  more  in  a  region  extending  over 
about  2,000  square  miles,  within  which  the  houses  and  farm  buildings  were  crushed 
under  the  weight  of  the  ejected  material,  and  in  some  cases  totally  destroyed.  Six 
thousand  persons  are  believed  to  have  been  killed.  The  cloud  from  the  volcano 
reached  18  miles  in  height  and  the  sound  of  the  explosion  was  heard  at  Costa  Rica, 
500  miles  away.  The  whole  side  of  the  mountain  was  blown  away,  exposing  a  cliff, 
nearly  perpendicular,  7,000  feet  in  height,  and  forming  a  crater  three-quarters  of  a 
mile  wide,  seven-eighths  of  a  mile  long,  and  1,500  feet  deep. 

In  February  and  March,  1903,  not  less  than  12  maximum  eruptions  took  place 
from  the  very  high  and  beautiful  volcano  of  Colima  in  southern  Mexico  (altitude 
about  13,000  feet).1  A  photograph  taken  on  March  7  shows  the  column  of  smoke 
projected  to  a  height  of  about  17  miles. 

From  these  records  it  seems  to  us  probable  that  the  decreased  solar  radiation  of 
1888  to  1893  was  caused  by  the  volcano  of  Bandai-San,  supplemented  by  Mayon, 
Vulcano  Island,  and  others,  and  that  the  depression  of  solar  radiation  whose  maxi¬ 
mum  was  in  1903  may  be  attributed  to  the  volcano  of  Santa  Maria  in  Guatemala, 
supplemented  by  that  of  Colima  in  Mexico. 

Observations  were  made  in  1901,  1902,  and  1903  at  the  Astrophysical  Observ¬ 
atory  in  Washington  on  the  transmission  of  the  atmQsphere  for  different  wave  lengths. 
We  take  the  following  data  from  a  summary  of  these  measurements  published  by 
Mr.  Abbot  in  1903.2 


1  See  Journal  of  Geology,  vol.  11,  for  a  finely  illustrated  description. 

2  Smithsonian  Miscellaneous  Collections  (quarterly  issue),  vol.  45,  p.  79. 
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Table  68. — Coefficient  of  atmospheric  transmission  j  or  radiation  from  zenith  sun. 


Dat  . 

Transmission  coefficients  for  unit  air  mass. 

Wave  length. 

0. 40  ^ 

0. 45  n 

0.50  n 

o.eo^ 

0.70  n 

0. 80  ii 

0. 90  /i 

1.00,u 

1.20  n 

1. 60  ii 

2.00  n 

Oct.  25,  1901 . 

0.  81 

0.  82 

0.  89 

0.  94 

0.  95 

0.  96 

0.  95 

Nov.  2,  1901 . . . 

.  80 

.  87 

.  92 

.  94 

.  95 

.  94 

Mar.  21,  1902 . 

.  83 

.  80 

.  84 

.  87 

May  8,  1902 . 

.89 

.  77 

.  90 

.94 

.  95 

.94 

.  91 

Sept.  11,  1902 . 

.  80 

.  78 

.  87 

.  89 

0.  92 

.  92 

.  94 

.  93 

Oct.  9,  1902 . 

.  70 

.  78 

.  84 

.  87 

.  89 

.  90 

.  91 

.  93 

Oct.  15,  1902: . . . . . 

.  73 

.  78 

.  86 

.  89 

.  90 

.  91 

.93 

.  96 

0.  94 

Oct.  16,  1902 . 

.  50 

.  58 

.  79 

.  82 

.  86 

.  90 

.  91 

Oct.  22,  1902 . . . 

.  84 

.  82 

.  88 

.  91 

.  93 

.  94 

.  94 

.  95 

Nov.  15,  1902 . 

.  75 

.  79 

.83 

.  89 

.  91 

.  92 

.  93 

.  95 

.  96 

Feb.  19,  1903 . 

0.  67 

0.  64 

.66 

.72 

.76 

.80 

.83 

.85 

.86 

.90 

.92 

Feb.  25,  1903......... . . . 

.48 

.60 

.66 

.68 

.74 

.83 

.88 

.90 

.93 

.93 

.92 

Mar.  3,  1903 . 

.40 

.48 

.66 

.73 

.79 

.84 

.87 

.89 

.92 

.96 

.96 

Mar.  25,  1903 . 

.47 

.50 

.57 

.66 

.72 

.76 

.79 

.81 

.84 

.88 

.89 

Mar.  26,  1903 . . 

.52 

.58 

.62 

.68 

.77 

.80 

.81 

.83 

.85 

.89 

.90 

Apr.  17,  1903.. . 

.55 

.60 

.69 

.77 

.80 

.82 

.87 

.90 

.94 

.97 

.97 

Apr.  28,  1903 . . . 

.39 

.52 

.56 

.64 

.71 

.74 

.76 

.78 

.82 

.88 

.89 

Apr.  29,  1903. . . 

.46 

.49 

.56 

.66 

.72 

.76 

.77 

.80 

.83 

.88 

.90 

July  7,  1903 . 

.42 

.60 

.66 

.69 

.77 

.82 

.85 

.86 

.88 

.89 

.86 

General  mean. ............... - 

.484 

.557 

.700 

.730 

.808 

.847 

.856 

.884 

.903 

.920 

.919 

Mean  of  1901-2 . 

.  765 

.  769 

.  857 

.  897 

.  910 

.  921 

.  933 

.  930 

.  950 

Mean  of  1903 . 

.484 

.557 

.627 

.  692 

.753 

.  797 

.825 

.847 

.874 

.909 

.  912 

Percentage  difference  between 

mean  of  1903  and  that  of  1901-2, 

per  cent..... . 

20 

10 

13 

12 

10 

8.4 

6.5 

2.3 

4.1 

It  appears  that  in  1903  as  in  1912,  the  presence  of  volcanic  haze  caused  a 
decrease  of  the  transparency  of  the  atmosphere,  productive  of  nearly  as  much  effect 
in  the  infra-red  as  in  the  visible  spectrum. 

VOLCANOES  AND  TERRESTRIAL  TEMPERATURES. 

We  have  made  some  preliminary  study  to  determine  if  the  haziness  produced 
by  volcanoes  causes  a  decreased  temperature  at  the  earth’s  surface. 

Taking  the  year  1912,  we  find  from  the  international  10-day  mean  values  pub¬ 
lished  by  the  German  Marine  Observatory  that  the  high-altitude  stations  of  south¬ 
western  Europe,  namely,  Pic  du  Midi,  Puy  de  Dome,  Brocken,  Schneekoppe, 
Santis,  and  Hoch-Obir  give  a  very  marked  indication  of  a  decrease  in  temperature 
with  respect  to  the  normal  beginning  about  the  middle  of  July.  The  seven  stations 
named  are  very  consistent  with  one  another  in  this  indication  as  shown  in  Table  69. 
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Table  69. —  Temperature  departures,1  1912 — High  stations,  southwest  Europe. 


Month. 

February. 

March. 

April. 

May. 

June. 

July. 

0) 

Decade. 

Decade. 

Decade. 

Decade. 

Decade. 

Decade. 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

Pic  du  Midi . 

+1.6 

+1.9 

+6.6 

+1.0 

0.0 

+4.8 

+0.1 

-0.7 

-0.9 

+3.2 

+6.3 

-1.4 

-2.5 

+1.1 

+2.7 

-2.3 

+0.6 

+1.24 

Puy  de  Dome . 

+1.5 

+2.8 

+7.1 

+  .8 

+  .1 

+4.1 

-  .6 

-1.9 

-  .3 

+2.9 

+6.2 

-1.4 

-2.0 

+  .6 

+  -6 

-2.0 

+2.9 

+1.26 

Brocken . 

-  .6 

+5.4 

+5.5 

+3.1 

+2.4 

+2.4 

-1.1 

-2.1 

+  .6 

-  .7 

-  .3 

-3.1 

+1.3 

-2.4 

+  .2 

-1.0 

+4.4 

+  .82 

Schneekoppe . 

.0 

+5.0 

+4.7 

+4.1 

+  -9 

+  1.4 

-2.4 

-4.9 

-1.6 

-2.1 

+  .1 

-1.6 

+1.4 

-1.8 

-  .3 

-2.0 

+1.1 

+  .12 

Santis . 

+  .5 

+2.6 

+7.0 

+1.4 

-  .1 

+2.0 

-1.5 

-3.6 

-  .8 

-  .4 

+2.1 

-  .9 

-  .4 

-  .7 

+  .2 

-1.2 

+3.9 

+  .60 

Hoch-Obir . 

+1.2 

+2.6 

+4.4 

+2.3 

+1.2 

+2.4 

-  .3 

-6.3 

-2.5 

+2.3 

-  .4 

-  .5 

-1.9 

-  .3 

+  .30 

Mean  of  all . 

+  .70 

+3. 58 

+5.88 

+2.12 

+  .75 

+2.85 

-  .97 

-3.22 

-  .92 

+  .48 

+2. 78 

-1.47 

-  .52 

-  .62 

+  .57 

-1.73 

+2. 10 

+  .69 

Month. 

July. 

August. 

September. 

October. 

November. 

December. 

C3 

O  UlllOll. 

|S 

Decade. 

Decade. 

Decade. 

Decade. 

Decade. 

Decade. 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

Pic  du  Midi . 

-2.8 

—3.3 

—3.5 

—1.4 

-1.2 

—1.6 

-2.6 

—0.6 

+  1.0 

-0.3 

+  1.1 

-5.6 

-1.0 

-1.68 

Puy  de  Dome . 

-1.3 

-3.4 

-4.5 

-2.6 

-5.3 

-3.6 

-2.9 

-2.7 

+  .3 

-  .3 

-2.9 

-4.4 

-2.4 

-2.  77 

Brocken . 

+  1.5 

-2.4 

—3.7 

—2.1 

-5.1 

-2.6 

-4.4 

-3.9 

-  .3 

+  -5 

-3.0 

-  .9 

-  .4 

-2. 06 

Schneekoppe . 

+  .1 

—  1.6 

—3.2 

—3.4 

—6.3 

—6.9 

—6.  4 

—4.5 

—2.7 

+  .1 

-5.2 

-3.0 

-  .8 

-3. 37 

Santis . 

—  .7 

—  1.0 

—3.8 

—3. 1 

-6.2 

—5.3 

—5.4 

-  .9 

-  .2 

-1.0 

-4.5 

-4.8 

-2.3 

-3.02 

Hoch-Obir . 

—  1.6 

—  1.8 

—3.3 

+  1.0 

—5.8 

—6.6 

-7.9 

-2.9 

-  .5 

-6.2 

-2.8 

-2.1 

-3.38 

Mean  of  all . 

-  .80 

-2.25 

-3.58 

-2. 10 

-4.98 

-4.43 

-4.93 

-2.58 

-  .38 

-  .25 

-3.45 

-3.58 

-1.50 

-2.68 

1  Centigrade  scale. 


In  order  to  see  if  a  similar  effect  was  caused  by  the  dust  cloud  emanating 
from  Krakatoa  in  1883  we  have  studied  the  temperature  departures  for  Pic  du 
Midi,  Puy  de  Dome  and  Schneekoppe  for  the  years  1882  to  1884,  inclusive,  but 
there  does  not  appear  to  have  been  at  that  time  any  such  marked  decrease  of  tem¬ 
perature  following  the  eruption  of  Krakatoa,  August  27,  1883,  as  occurred  in  July, 
1912.  Nevertheless  at  Pic  du  Midi  there  was  a  very  well  marked  decrease  in  the 
daily  temperature  range  beginning  with  September,  1883.  We  have  found  for 
some  other  stations  a  similar  decrease  of  the  daily  temperature  range  following 
the  volcano  of  Krakatoa. 

In  Table  70  temperature  departures  are  given  for  seven  stations  of  the  United 
States  for  1912.  The  stations  selected  are  from  the  most  cloudless  region  of  the 
country.  They  are  arranged  in  two  groups  with  regard  to  whether  they  show 
a  tendency  to  lower  temperatures  during  and  after  July.  Leadville  and  Flagstaff, 
two  high  stations,  agree  in  this  respect  with  the  European  high  stations. 
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Table  70. — Temperature  departures,1  1912 — Cloudless  regions,  United  States. 


Station. 

Month. 

Mean. 

Month. 

Mean. 

Jan. 

Feb. 

Mar. 

Apr. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Leadville,  Colo . 

+0.5 

-2.0 

-0.6 

-4.1 

-0.5 

-2.7 

-1.57 

-2.2 

-1.8 

-7.2 

-1.8 

+0.2 

-2.56 

Flagstaff,  Ariz. . 

+1.6 

+1.8 

-1.7 

-4.0 

-1.9 

-  .9 

-  .85 

-3.8 

-1.6 

-3.2 

-  .9 

+2.3 

-1.44 

Tucson,  Ariz . 

+  .7 

-1.6 

-2.9 

-6.8 

-2.4 

+1.1 

-1.98 

-5.1 

-2.7 

-3.6 

-3.8 

-  .9 

-3. 22 

Pueblo,  Colo . 

-3.0 

+  .5 

-7.2 

-1.7 

+  .1 

-4.0 

-2.55 

-1.4 

-  .1 

-7.0 

-  .9 

+2.2 

-1.44 

Dodge,  Kans . 

-9.3 

4-  .9 

—  11.  1 

—1.6 

+2.3 

-5.0 

—3. 93 

+  .9 

.0 

-4.2 

+1.6 

+4.5 

+  .56 

Santa  Fe,  N.  Mex . 

+  .4 

-1.8 

-1.8 

-5.3 

-1.3 

-3.8 

-1.93 

-  .5 

+  .2 

-2.5 

-1.0 

+  1.0 

-  .56 

El  Paso,  Tex.. . 

+1.6 

-2.5 

-1.9 

-4.7 

-  .6 

-1.8 

-1.65 

+  .5 

-  .8 

-1.7 

-  .2 

-1.6 

-  .76 

1  Fahrenheit  scale. 


The  temperature  of  the  earth  is  a  function  of  so  many  variable  quantities  that 
general  or  cosmical  effects  are  often  greatly  obscured  by  local  ones.  From  studies 
which  have  been  made  by  various  authors  it  appears,  however,  that  there  is  a 
periodicity  of  terrestrial  temperature  corresponding  in  time  to  the  sun-spot  cycle 
of  about  11  years.  Koppen,  Arctowski,  Nordmann,  Newcomb,  Abbot  and  Fowle, 
and  others  have  found  that  there  is  a  decreased  temperature  at  the  time  of  maxi¬ 
mum  sun  spots.  The  decrease  of  temperature  is  in  fact  greater  than  would  be 
caused  directly  by  the  darkening  of  the  sun  by  sun  spots,  so  that  it  is  supposed 
that  there  is  accompanying  the  spots  some  secondary  influence  affecting  terrestrial 
temperatures.  General  fluctuations  of  temperature  have  also  occurred  which  are 
not  fully  accounted  for  by  the  march  of  the  sun  spots.  We  have  endeavored  to 
see  whether  a  combination  of  the  sun-spot  influence  with  the  effect  of  the  volcanic 
haze  on  solar  radiation  will  produce  a  more  exact  correspondence  between  the  solar 
phenomena  and  the  temperature  of  the  earth. 

Referring  to  figure  32,  the  curve  A  is  a  smoothed  representation  of  the  average 
intensity  of  the  direct  solar  radiation.  The  method  of  smoothing  the  curve  is  as  fol¬ 
lows,  taking,  for  example,  the  year  1895:  Add  to  the  value  for  1894  twice  that  for 
1895  and  that  for  1896,  and  divide  by  4.  Curve  B  is  the  smoothed  sun-spot  curve  as 
given  by  Wolfer.  The  sun-spot  numbers  run  from  0  to  about  80.  Curve  C  is  a  com¬ 
bination  of  A  and  B.  They  are  taken  in  the  following  proportions :  Multiply  the  per¬ 
centage  departure  of  radiation  shown  in  A  by  6 1  and  subtract  from  it  the  sun-spot 
number  for  the  given  year.  Curve  D  represents  the  departures  of  mean  maximum 
temperature  for  15  stations  of  the  United  States  distributed  all  over  the  country.  It 
is  smoothed  in  the  same  manner  as  curve  A.  Curve  E  represents  the  departures  of 
temperature  for  the  whole  world,  also  smoothed  in  the  same  manner  as  curves 
A  and  D.  The  data  for  the  curves  D  and  E  are  taken  from  Annals,  Astrophysical 
Observatory,  Volume  II,  page  192,  and  from  the  Monthly  Weather  Review. 

Although  there  is  a  considerable  degree  of  correspondence  between  curve  B 
and  curve  D,  yet  it  is  not  hard  to  see  that  there  is  also  much  discordance.  For 


1  Perhaps  a  better  result  would  have  come  if  5  instead  of  6  had  been  used. 
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example,  the  sun-spot  maximum  of  1893  was  greater  than  that  of  1883  or  1906,  yet 
the  temperature  curve  D  indicates  a  gradual  increase  of  temperature  for  the  three 
periods.  Also  the  temperature  had  begun  to  fall  in  1890,  although  sun  spots  were 


IS 

,o  m 


a  'g 


still  at  the  minimum;  and  the  temperature  had  begun  to  rise  in  1892,  although  sun 
spots  had  not  yet  reached  their  maximum.  Similar  discrepancies  occur  in  other 
parts  of  the  curves. 
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When,  however,  we  compare  the  curves  C  and  D — that  is  to  say,  the  combina¬ 
tion  of  the  effects  of  sun  spots  and  volcanic  haze  with  the  mean  maximum  temper¬ 
ature  for  the  United  States — the  correspondence  of  the  curve  is  most  striking.  It 
seems  to  us  in  consideration  of  this,  that  there  can  be  little  question  that  the  volcanic 
haze  has  very  appreciably  influenced  the  march  of  temperature  in  the  United  States. 
When  we  take  the  march  of  temperature  for  the  whole  world  the  correspondence, 
though  traceable,  is  not  so  striking;  but  in  this  case  there  are  so  many  conflicting 
influences  at  work  that  it  is  perhaps  too  much  to  expect  so  good  an  agreement. 

In  view  of  this  slight  preliminary  study  of  temperatures,  it  seems  to  us  that  the 
question  of  the  effect  of  volcanic  haze  on  terrestrial  temperature  is  well  worth  serious 
consideration.  Although  a  large  group  of  stations  may  by  their  contrary  local 
influences  mask  the  influence  of  the  haze,  we  believe  it  may  be  found  eventually 
that  temperatures  are  influenced,  perhaps  as  much  as  several  degrees,  by  great 
periods  of  haziness  such  as  those  produced  by  the  volcanoes  of  1883,  1888,  and 
1912. 

SUMMARY. 

The  transparency  of  the  atmosphere  was  much  reduced  in  the  summer  of  1912 
by  dust  from  the  volcanic  eruption  of  Mount  Katmai,  June  6  and  7. 

Evidence  of  the  dust  appeared  at  Bassour,  Algeria,  on  or  before  June  19,  and 
at  Mount  Wilson,  California,  on  or  before  June  21. 

The  total  direct  radiation  of  the  sun  was  reduced  by  nearly  or  quite  20  per 
cent  at  each  of  these  stations  when  the  effect  reached  its  maximum  in  August. 

In  the  ultra-violet  and  visible  spectrum  the  effect  was  almost  uniform  for  all 
wave  lengths,  but  was  somewhat  less  in  the  infra-red. 

From  Bassour  experiments,  including  measurements  by  two  methods  of  the 
radiation  of  the  sky,  it  appears  that  the  quantity  of  heat  available  to  warm  the 
earth  was  diminished  by  nearly  or  quite  10  per  cent  by  the  haze.  There  is,  how¬ 
ever,  some  indication  that  this  was  in  part  counterbalanced  by  a  decrease  in  the 
earth’s  radiation  to  space,  caused  by  the  haze. 

Similar  periods  of  haze  followed  great  volcanic  eruptions  in  former  years. 
The  influence  of  Krakatoa,  Bandai-San,  Mayon,  Santa  Maria,  and  Colima  seems 
to  have  been  recorded  by  measurements  of  solar  radiation,  and  caused  pronounced 
decrease  in  the  direct  solar  beam  from  1883  to  1885,  1888  to  1894,  and  1902  to  1904. 

Evidence  is  presented  that  the  dust  layer  of  1912  affected  terrestrial  tempera¬ 
tures,  especially  of  high  stations. 

A  remarkable  correspondence  is  found  between  the  average  departures  of  the 
mean  maximum  temperature  for  15  stations  of  the  United  States  and  a  curve 
representing  a  combination  of  the  sun-spot  numbers  of  Wolfer  and  the  departures 
from  mean  values  of  the  annual  march  of  direct  solar  radiation  from  1883  to  1909. 
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